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SUMMARY
T h is  th e s is  d ea ls  w ith  th re e  a s p e c ts  of re s e a rc h  in to  
p y rro liz id in e  a lk a lo id s : (a )  th e  s y n th e s is  of m acrocyclic p y rro liz id in e
a lk a lo id  an a lo g u es  in c o rp o ra tin g  (+ )-h e lio tr id in e  (A) ;  (b)  th e  s tu d y  of
th e  b io s y n th e s is  of p y rro liz id in e  b a se s  u s in g  spec ifica lly  lab e lled  
m olecules; a n d  (c ) th e  in v e s tig a tio n  of th e  p y rro liz id in e  a lka lo id  c o n te n t 
of p la n ts  n o t p re v io u s ly  s tu d ie d .
(a) . S y n th e s is  of m acrocyclic p y rro liz id in e  alkalo id  an a lo g u es  
in c o rp o ra tin g  (+) -h e lio tr id in e
T he s y n th e s is  of a s e r ie s  of novel m acrocyclic d ie s te r s  of 
(+ ) -h e lio tr id in e  (A) h a s  b een  ach iev ed  b y  th e  u se  of th e  C orey-N ico laou  
dou b le  a c tiv a tio n  m ethod  of la c to n is a t io n . T he b a se  (A ) was o b ta in ed  b y  
th e  a lka lin e  h y d ro ly s is  of ( + ) -e c h in a t in e , a n a tu ra l  p y rro liz id in e  m onoester 
iso la te d  b y  m ethanolic e x tra c tio n  of C ynoglossum  o ff ic in a le . An 
a l te rn a t iv e  m ethod of p ro d u c tio n  of (+ )-h e lio tr id in e  u ti lis e d  a s h o r t ,  know n 
co n v e rs io n  of th e  p y rro liz id in e  b a se  ( + ) - re tro n e c in e  in to  (+ )-h e lio tr id in e  
w hich w as c a r r ie d  ou t w ith  m od ifica tions.
T he tre a tm e n t of (+ )-h e lio tr id in e  (A) w ith  g lu ta r ic  a n h y d r id e  
d e r iv a tiv e s  se lec tiv e ly  y ie ld e d  9 -m o n o este rs  of (+ )-h e lio tr id in e .  L ac to n is ­
a tion  of th e se  m o n o este rs  was e ffe c te d  v ia  th e  c o rre sp o n d in g  p y r id in e - 2-  
th io le s te r s .  T he m acrocyclic n a tu re  of th e se  11-m em bered p y rro liz id in e  
a lka lo id  an a lo g u es  was con firm ed  b y  sp e c tro sc o p ic  s tu d ie s .  An X -ra y  
an a ly s is  of 7 , 9 - 0 , O ' - ( 3, 3 -d im e th y lg lu ta ry l)h e lio tr id in e  (B ) re v e a le d  th e  
confo rm ation  of th is  b is la c to n e  in  th e  so lid  s ta te .  T he  e s te r  c a rb o n y l
g ro u p s  of (B ) a re  a n t i-p a ra l le l .  A ttem p ted  s y n th e s is  of 10-m em bered 
b is la c to n e s  of (+ )-h e lio tr id in e  was u n s u c c e s s fu l.
( b ) . S tu d y  of th e  b io s y n th e s is  of p y rro liz id in e  b a se s
T he b io s y n th e tic  p o rtio n  of th e  p ro je c t was to  a tte m p t to gain
in s ig h t  in to  th e  v a r io u s  p ro c e s s e s  ta k in g  p lace  in  th e  b io s y n th e s is  of
d if fe re n t  b a se  p o r tio n s  of p y rro liz id in e  a lka lo id s b y  p la n ts .
P re v io u s  w ork h a d  show n th a t  1 ,4 -d iam in o b u tan e  (p u tre s c in e )
is  a good p r e c u r s o r  of re tro n e c in e . A se r ie s  of p u tr e s c in e s  spec ifica lly  
2 13la b e lle d  w ith H o r C w ere  s y n th e s is e d  b y  know n ro u te s .  T h ey  w ere
iso la te d  a s  th e ir  d ih y d ro c h lo r id e  s a l ts .
T h e se  s a lts  w ere  eac h  m ixed w ith  a know n a c tiv ity  of a ra d io ­
a c tiv e  t r a c e r  an d  w ere fed  to  C ynoglossum  offic inale  b y  th e  xylem  
p r ic k in g  m ethod . T he p la n ts  w ere la te r  h a rv e s te d  a n d  e x tra c te d  to 
y ie ld  sam ples of ( + )-e c h in a tin e , i . e .  e s te r s  of (+ )-h e lio tr id in e  (A) .
S c in tilla tio n  co u n tin g  show ed th e  sp ec ific  in c o rp o ra tio n s  to  b e  below  0.5%
2 13p e r  C ^ -u n it of th e  b a se  p o rtio n  a n d  th e  H a n d  C n . m . r .  s p e c tra  of
th e  (+ )-e c h in a tin e  sam p les , also  show ed ev id en ce  of th e  d isa p p o in tin g ly
13low in c o rp o ra tio n s . An ex cep tio n  was n o te d  w ith th e  u se  of [1 - C ] -
13p u tre s c in e  d ih y d ro c h lo r id e . A C n . m . r .  sp ec tru m  of ( + )-e ch in a tin e  
w as o b ta in e d  in  w hich  th e  e x p e c te d  fo u r  ( C - 3 , - 5 , - 8  a n d  -9)  of th e  e ig h t 
s ig n a ls  of th e  b a se  p o r tio n , (+ )-h e lio tr id in e  ( A ) ,  w ere  e n r ic h e d . T he 
co n d itio n s  of feed in g  w ere v a r ie d  o v e r th e  two s u b s e q u e n t sum m ers b u t  
th e  sam e low in c o rp o ra tio n s  alw ays r e s u l te d .  O nly th e  b a se  p o rtio n  of 
( + )-e c h in a tin e  w as ra d io a c tiv e  a s  show n b y  a lk a lin e  h y d ro ly s is  of each  
(+ )-e c h in a tin e  sam ple.
H ?  h  9j- 0 H
5 3
( A)
ix
( B)
H r"01"1 H r ^ 0H
<±> d >
(C)  ( 0 )
XAn in v e s tig a tio n  of C ynoglossum  a u s tr a le  re v e a le d  th e  
p re s e n c e  of a m ix tu re  of (+ )-c y n a u s tra l in e  a n d  ( + ) - c y n a u s t in e . Bio­
s y n th e t ic  in te r e s t  a r is e s  b e c a u se  of th e  p re se n c e  of two r a r e  8 $ -b a s e s ,
(+ )- iso re tro n e c a n o l (C ) a n d  ( + )-su p in id in e . (D ) re s p e c t iv e ly . T he  
2sp ec ifica lly  H lab e lled  com pounds p re v io u s ly  s y n th e s is e d  w ere fe d  to
b a tc h e s  of y o u n g  C ynoglossum  a u s tra le  p la n ts .  H ow ever, again  th e
2sp ec ific  in c o rp o ra tio n s  w ere low a n d  in co n c lu s iv e  H n . m . r .  s p e c tr a  w ere 
o b ta in e d . T he ex p e rim e n ts  w ere  r e p e a te d  th e  following sum m er, b u t  th e  
same r e s u l t s  w ere  o b ta in e d . A lkaline h y d ro ly s is  of th e  a lka lo id  sam ples 
p ro v e d  th a t  th e  ra d io a c tiv ity  p r e s e n t  was lo ca ted  e x c lu s iv e ly  in th e  b ase  
p o r t io n s ,  (C ) a n d  (D) , of th e  a lk a lo id s .
3
P u tre s c in e  w ith  a ra d io a c tiv e  H lab el was fe d  as  th e  d ih y d ro ­
ch lo rid e  to  s e v e ra l y o u n g  C ynoglossum  a u s tra le  p la n ts  b y  th e  w ick m ethod. 
A good in c o rp o ra tio n  (> 1%) in to  each  a lkalo id  w as o b ta in e d , a n d  ra d io ­
a c tiv e  sam ples of th e  two 1-h y d ro x y  m ethy l p y r ro liz id in e s  (C ) a n d  (D) w ere 
o b ta in e d  a f te r  se p a ra tio n  of th e  a lka lo id s a n d  s u b se q u e n t h y d ro ly s is .
E ach 8 $ -n ec in e  w as th e n  fed  in tu r n  to  d if fe re n t b a tc h e s  of y o u n g  
C ynog lossum  a u s tra le  p la n ts .  Iso re tro n e c a n o l (C ) was a p r e c u r s o r  fo r  
b o th  a lk a lo id s , b u t  su p in id in e  (D) w as only  in c o rp o ra te d  in to  c y n a u s tin e . 
T h is  f in d in g  is  c o n s is te n t w ith  co n v ers io n  of iso re tro n e c a n o l in to  su p in i­
d ine  in  th e  b io s y n th e tic  p a th w ay .
A nalogues of 1 ,4 -d iam in o b u tan e  h av e  b een  p r e p a r e d  a n d  fed  
to  v a r io u s  p la n ts  w hich  p ro d u c e  p y rro liz id in e  a lk a lo id s . An elem ent or 
g ro u p  of sim ilar s ize  to  h y d ro g e n  w as u s e d  to  p ro d u c e  an a n a lo g u e .
Racemic 2 -m e th y lp u tre sc in e  a n d  R -(+ )-2 -m e th y lp u tre s c in e  w ere  s y n th e s is e d  
b y  a l i te r a tu r e  m ethod , a n d  racem ic 2 - f lu o ro p u tre sc in e  a n d  th e  two
x i
en an tiom eric  2- f lu o ro p u tre sc in e s  w ere c o n s tru c te d  b y  a new p ro c e d u re .
T he 2 -m e th y lp u tre sc in e s  w ere b o th  lab e lle d  w ith  H a n d  fe d  to  C yno­
glossum  o ff ic in a le , Senecio  p le is to c e p h a lu s , an d  Emilia flam m ea. T h e ir  
fa te  in  th e  p la n t e x t r a c ts  w as follow ed b y  ra d io a c tiv e  sc in tilla tio n  c o u n tin g . 
N . m . r .  sp e c tro s c o p y  a n d  c irc u la r  d ichro ism  w ere  em ployed in  an  a tte m p t 
to  s tu d y  th e  ab so lu te  c o n fig u ra tio n  of th e  two enan tiom eric  f lu o ro -  
p u tr e s c in e s ,  an d  n . m . r .  sp e c tro sc o p y  was u s e d  to t r y  to  s tu d y  th e ir  
m etabolism  b y  th e  p la n ts .
( c ) . In v e s tig a tio n  of th e  p y rro liz id in e  alkalo id  c o n te n t of p la n ts
H . p . l . c .  w as u se d  to  s tu d y  th e  se p a ra tio n  of a lkalo id  
m ix tu re s  in  C ynoglossum  o ffic in a le , C ynoglossum  a u s t r a l e , C ynoglossum  
n e rv o s u m , a n d  Senecio  g la b e r r im u s . A naly tica l h . p . l . c .  t r a c e s  of th e  
m ix tu re s  of p y rro liz id in e  a lka lo id s iso la te d  from  each  of th e  p la n ts ,  
d e m o n s tra te d  th e  g en e ra l ap p licab ility  of th is  te c h n iq u e . P re p a ra t iv e
h . p . l . c .  of th e  a lkalo id  e x tra c t  of C ynoglossum  n erv o su m  was u s e d  to  
s e p a ra te  th r e e  sim ilar a lk a lo id s , w hich w ere all e s te r s  of (+ )-h e lio tr id in e  
( A ) .
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CHAPTER ONE
INTRODUCTION
1.1  P y rro liz id in e  A lkalo ids
N a tu ra l p ro d u c ts  lie a t th e  h e a r t  of o rg an ic  c h e m is try . S tu d ie s  
of th e  s u b s ta n c e s  w hich a re  p r e s e n t  in liv in g  m a tte r  h av e  n o t on ly  g iven  
a them e to  th e  d isc ip lin e  b u t  h av e  co n tin u a lly  e n r ic h e d  i t s  developm en t.
T he p y rro liz id in e  g ro u p  of a lka lo id s c o n s ti tu te  a la rg e  c la ss  of 
n a tu ra l  p ro d u c ts .^ - A lkalo ids of th is  ty p e  a re  im p o rta n t due to  th e ir  
w id e sp re a d  o c c u rre n c e  a n d  th e ir  v a r ie d  an d  well docum ented  b io log ical 
a n d  m edicinal p ro p e r t ie s .  T hey  co n ta in  th e  b as ic  l-a z a b ic y c lo [  3. 3 . 0 ] -  
o c tan e  (p y rro liz id in e )  n u c le u s  (1) o r a re la te d  sy stem  ( 2 ) .  T h is  n u c le u s  
is  commonly fo u n d  as  a 1- h y d ro x y  m ethy l p y rro liz id in e  sy s te m , e . g .  , 
h e lio tr id in e  (3) .
2
T he m ost f re q u e n tly  iso la ted  p y rro liz id in e  a lka lo id s a re  e s t e r s . 
T h ese  may b e  m o n o este rs  [ e . g .  s tr ig o s in e  ( 4 ) ] ,  u n sy m m etrica l d ie s te r s  
[ e . g .  la s io c a rp in e  ( 5 ) ] ,  o r m acrocyclic d ie s te r s .  T he m acrocyclic
3
d ie s te r  a lka lo id s  h av e  th e  h ig h e s t h e p a to to x ic ity . T he size of th e  
la rg e s t  r in g  can  v a ry  from  11- [as  in  tr ich o d esm in e  ( 6 )]  u p  to  14- 
m em bered  r in g s  [su c h  a s  p a rso n s in e  ( 7 ) ] .  Most m acrocyclic  d ie s te r s  
co n ta in  re tro n e c in e  as  th e  b a se  p o r tio n . I t  is  c u r io u s  th a t  no m acrocyclic  
d ie s te r s  of h e lio tr id in e  h av e  b een  iso la te d .
T he  b a se  p o rtio n s  (n e c in e s )  d if fe r  in  th e  d e g re e  of h y d ro x y l-  
a tio n  of th e  amino a lcoho l, s te re o c h e m is try  a n d  th e  d e g re e  of u n s a tu ra t io n  
of th e  r in g s .  T he acidic moiety of th e se  a lka lo id s (nec ic  a c id s)  d iffe r  in
R 0 H 9CH2OR1 |2]
7^ r \  M ? h 2 o ^ o
•N
5 U 3
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n h c h 3
th e  d e g re e  of b ra n c h in g ,  h y d ro x y la tio n  a n d  u n s a tu ra t io n . T hey  norm ally  
co n ta in  b e tw een  fiv e  to  te n  ca rb o n  atom s a n d  a re  m ono- o r d ic a rb o x y lic  
a c id s . I t  is  n o te w o rth y  th a t  a s ig n if ic a n t n u m b e r of a lka lo id s  a re  n o n ­
e s te r  in  n a tu r e ,  su ch  as lo line ( 8 ) .
A co m p reh en siv e  book b y  B ull e t a l.  ^ a n d  th e  an n u a l rev iew s
4p re s e n te d  in  th e  S p ec ia lis t P erio d ica l R e p o r ts  an d  N a tu ra l P ro d u c t 
5
R e p o r ts  a re  to  b e  recom m ended fo r  ad d itio n a l in fo rm atio n . A r e c e n t  book 
b y  M attocks is also  h ig h ly  in fo rm a tiv e .
1 .2  O c c u rre n c e  an d  H aza rd s  of P y rro liz id in e  A lkalo ids
T he p y rro liz id in e  a lka lo id s com prise  a g ro u p  of n itro g e n e o u s
b a s e s  w ith  a v e ry  wide d is tr ib u tio n  in th e  p la n t k ingdom . T hey  o c c u r
m ainly in  g e n e ra  of th re e  p la n t fam ilies; th e  C om positae (S enecio ) , th e
L egum inosae (C ro ta la r ia )  , a n d  th e  B o rag in aceae  ( C y n o g lo ssu m , H elio-
tro p iu m , L in d e lo fia , an d  S ym phy tum ) . O ver 330 p la n t sp e c ie s  h a v e  so
2
f a r  b e e n  show n to  co n ta in  p y rro liz id in e  a lk a lo id s . C u lv e n o r h a s  
e s tim a ted  th a t  3% of th e  w o rld ’s flow ering  p la n ts  may co n ta in  th e se
7
a lk a lo id s . I t  is  know n th a t  p la n ts  a re  one of th e  m ost h a z a rd o u s
g
m a te ria ls  in g e s te d  b y  hum ans of all a g e s .
M olecules co n ta in in g  th e  p y rro liz id in e  n u c le u s  h av e  also  b een
fo u n d  in  th e  in s e c t k ingdom . F o r exam ple, ( 3S , 5S , 8 R )-3 -h e p ty l-5 -m e th y l
p y rro liz id in e  ( 9 ) is  th e  p re su m e d  venom ous c o n s ti tu e n t  from  th e  c ry p tic
9th ie f  a n t  S o lenopsis  s p . n e a r  te n n e s s e e n s is . C e rta in  sp ec ie s  of 
L e p id o p te ra  a re  know n to  s to re  a n d  m etabo lise  p y r ro liz id in e  a lk a lo id s  fo r 
d e fen ce  p u rp o s e s .  T h ey  also  u tilise  them  a s  a pherom one p r e c u r s o r  w ith  
ad d itio n a l e f fe c ts  on g ro w th  a n d  sex u a l se le c tio n . ^
4T he p y rro liz id in e  c la ss  a re  d is t in c t  from  th e  main b o d y  of 
a lk a lo id s  in  th a t  th e y  a re  h e p a to to x ic  a n d  th u s  resem b le  th e  m y c o to x in s , 
e . g .  a fla to x in  (10) .  T h ey  h a v e  re c e iv e d  e x te n s iv e  chem ical an d  
b io log ical s tu d y  b e c a u se  of th e i r  c o n s id e ra b le  p o iso n in g  of liv e s to c k  an d  
h u m a n s . ^
T he h a z a rd  to  h e a lth  a r is e s  due to  in g e s tio n  of th e  a lk a lo id s  
o v e r long  p e r io d s  of time in  p la n ts  o r foods in  w hich  th e y  a re  p r e s e n t  a t 
low c o n c e n tra tio n s .  P y rro liz id in e  a lka lo id s o ccu r m ainly a s  th e  N -o x id e s , 
w hich  a re  sa id  to  b e  f re e  from  th e  b i t te r n e s s  w hich  c a u se s  mammals to 
r e je c t  o th e r  a lk a lo id -c o n ta in in g  p la n ts  a s  f e e d s tu f f  s . T h ey  may o p e ra te  
b y  p e rm ittin g  consum ption  in  o rd e r  to  e ffe c t lo n g - te rm  re d u c tio n  in  th e  
h e rb iv o re  p o p u la tio n . Sam ples of b r e a d ,  ^  c e re a ls ,  ^  milk a n d  h o n e y ^  
h a v e  b een  fo u n d  to  b e  co n tam in a ted  w ith  th e se  tox ic  s u b s ta n c e s .  D ea th s
h a v e  f re q u e n tly  r e s u l te d .  N um erous h e rb a l te a s ,  e . g .  Sym phytum
14 15o ffic ina le  (R u ss ia n  c o m fre y ) , a n d  m any m edicinal rem ed ies  also  co n ta in
ap p re c ia b le  q u a n tit ie s  of p y rro liz id in e  a lk a lo id s .
T h e  d isease  re c o g n ise s  no  b o u n d a r ie s  a n d  a f fe c ts  all c lim ates a n d
c o n tin e n ts .  R e p o rte d  o u tb re a k s  of th e  d is e a se , w hich  h a s  v a r io u s
h is to r ic a l,  b o ta n ica l a n d  g eo g rap h ica l n am es, h a v e  o c c u r re d  fo r  se v e ra l
c e n tu r ie s .  ^
T he f i r s t  p y rro liz id in e  a lk a lo id s  w ere  iso la te d  d u r in g  th e  la s t
16c e n tu ry  a n d  now  o v er 200 a lk a lo id s  a re  k n o w n . E a rly  th is  c e n tu r y ,  a
Senecio  sp ec ie s  w hich  w as know n to  b e  re s p o n s ib le  fo r  liv e s to c k  p o iso n in g
17w as show n to  co n ta in  p y rro liz id in e  a lk a lo id s .
When te s te d  upo n  anim als th e  a lk a lo id s  w ere show n to  p ro d u c e  
l iv e r  le s io n s , w hich a re  th e  m ajor c h a ra c te r i s t ic s  of th e  d is e a se . T he
0s tr ic k e n  anim als w ere  seen  to  succum b to  *rth e  s ta g g e rs "  . O th e r  well 
d o cu m en ted  clin ical s ig n s  follow, cu lm inating  in  coma a n d  d e a th . ^
O th e r  o rg a n s  may also b e  a f fe c te d , e . g .  h e a r t ,  lu n g s ,  k id n e y s . 
P y rro liz id in e  a lkalo id  po iso n in g  rem ains  a s e r io u s  h e a lth  an d  economic 
h a z a rd .
1. 3 T o x ic ity  a n d  M etabolism  of P y rro liz id in e  A lkalo ids
T he a lka lo id s c au se  th e ir  e f fe c ts  due  to  re a c tio n  a t th e  m ito­
ch o n d ria l m em brane of th e  h e p a to c y te s . T h e  m etabolism  of th e  h e p a to -  
c y te s  is  dam aged  a n d  a m egalocy tosis  o c c u rs  w h e re  th e  cells c o n tin u e  to 
grow  an d  e n la rg e , b u t  cell d iv ision  is  in h ib ite d . T h e  liv e r  e v e n tu a lly  
becom es com posed of a small n u m b er of g ia n t c e lls . T h is  d is ru p tio n  of 
th e  m etabolism  le a d s  to a sh o r te n in g  of th e  l i f e - sp a n  of th e  h e p a to c y te s . 
T h e  liv e r  ce a se s  to  fu n c tio n .
Not all p y rro liz id in e  a lka lo id s  a re  to x ic . T h is  le d  S choen ta l
to  p o s tu la te  th a t  h ep a to to x ic ity  was r e la te d  to  1 , 2-u n s a tu r a t io n  in  th e
18b as ic  m oiety a n d  to  th e  in ta c t  e s te r  s t r u c tu r e .  Soon th e re a f te r
C u lv e n o r s u g g e s te d  th a t  th e  a lk y la tio n  of b io logical n u c leo p h ile s  in  th e
19liv e r  w as re s p o n s ib le  fo r th e  to x ic ity . T he s im ila rity  b e tw een  th e
p y rro liz id in e  a lka lo id s a n d  o th e r  b io log ical a lk y la tin g  a g e n ts  was n o te d  a s
b o th  g av e  r is e  to  chrom osom e b re a k a g e , in h ib itio n  of cell d iv is io n ,
m u tag en es is  a n d  c a rc in o g e n e s is . T he b ra n c h in g  of th e  acid ic  chain  w as
20also  th o u g h t n e c e s s a ry  fo r th e  h ep a to to x ic  a c t iv i ty ,  b u t  th is  is  now
2 1th o u g h t to  b e  a s e c o n d a ry  e f fe c t.
E v id en ce  fo r th e  m echanism  of to x ic ity  a n d  th e  tox ic  sp ec ie s  
in v o lv ed  w as p ro v id e d  b y  M attocks, who d e m o n s tra te d  th a t  d ih y d ro -
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7p y r ro liz in e s  ( 1 1 ) w ere m ore re a c tiv e  th a n  th e  p a r e n t  a lka lo id s w ith
r e s p e c t  to  a lk y la tio n  a n d  th a t  th e re  w as a good c o rre la tio n  be tw een
22 23h e p a to to x ic ity  an d  th e  am ount of p y r ro le  p ro d u c tio n . ’ E v idence
fo r  th e s e  m etabo lically  p ro d u c e d  p y r ro le s  w as d e te c te d  p rim arily  in  th e
l iv e r ,  b u t  also in  th e  h e a r t ,  l u n g ,  k id n e y s ,  s p le e n , u r in e  a n d  se v e ra l
o th e r  t i s s u e s .  P y r ro le s  w ere also  p ro d u c e d  from  p y rro liz id in e  a lkalo ids
in  v it ro  u s in g  liv e r  s lic e s .
T he m etabolic p y r ro le s  a re  th o u g h t to a r is e  v ia h y d ro x y la tio n
a n d  d e h y d ra t io n , a s  show n in  Schem e 1. T h ese  re a c tio n s  o c c u r b y  th e
ac tio n  of h e p a tic  m icrosom al enzym es. T he  r a te  of p y r ro le  fo rm ation  b y
m icrosom es in v itro  is g e n e ra lly  h ig h e r  fo r m acrocyclic th a n  open  d ie s te r s
o r m o n o e ste rs . T he  in itia l h y d ro x y la tio n  s te p  is  su b je c t to  g re a te r
s te r ic  h in d e ra n c e  in  open  d ie s te r s  a n d  so th is  h y d ro x y la tio n  is  th o u g h t
24to  o c c u r a t  C - 8  r a th e r  th a n  C -3 .
25T he d eh y d ro a lk a lo id s  r e a c t  r a p id ly  w ith  n u c leo p h ile s  o r may
b e  h y d ro ly s e d  to  th e  s e c o n d a ry  tox ic  m e tab o lite , th e  d e h y d ro n e c in e  ( 1 2 ) .
E v id en ce  fo r  th e  fo rm er ac tion  h a s  b een  d e te c te d  in  enzym e sy stem s
a n d  d ise a se d  an im als. ^
T he p y r ro le s  a c t as  b ifu n c tio n a l a lk y la tin g  a g e n ts  a n d  a re
re le a s e d  a t  th e  s ite  of m etabolism . T he  m ore a cu te  le s io n s  a re  c o n s is te n t
w ith  th e  in a c tiv a tio n  of c e r ta in  coenzym es a n d  com ponent B v itam in s,
28p ro b a b ly  a c tin g  b y  a lk y la tin g  su lp h y d ry l g ro u p s . T he  n u c le ic  ac id s
a n d  p ro te in s  can  also  b e  a lk y la te d  in  a m anner sim ilar to  th a t  of o th e r
29to x in s ,  e . g .  m itom ycin C (13) .  D e h y d ro re tro n e c in e  (14) is  know n to
30a lk y la te  DNA to  g ive  s ta b le  a d d u c ts ,  a n d  to  re p ro d u c e  th e  p a t te r n  of
31liv e r  le s io n s  in  v ivo  of i t s  p a r e n t  m acro cy c les. E s te r s  of h e lio tr id in e
(14) r1=h , r2=oh
(15) R1=OH,R2=H
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932a re  also  c o n v e r te d  in to  d e h y d ro h e lio tr id in e  (15) .  E lec tro p h ilic
a lk y la tio n  can  b e  re la te d  to  th e  s t r u c tu r a l  f e a tu re s  r e q u ir e d  fo r  h e p a to -
to x ic ity  (Schem e 2) .
T he m ost tox ic  a lka lo id s a re  g e n e ra lly  th e  m acro cy c le s, b e c a u se
of th e  s te r ic  h in d e ra n c e  a ro u n d  th e  e s te r  g ro u p s . T h is  re d u c e s
d e to x ifica tio n  b y  e s te ra s e  h y d ro ly s is .  W ater so lu b ility , lip o p h ilic ity
a n d  b a se  s t r e n g th  also  e ffe c t to x ic ity .
T he th re e  p r in c ip a l m etabolic re a c tio n s  in v o lv ed  a re  p y r ro le
fo rm atio n , N -o x id a tio n  an d  h y d ro ly s is .  T he f i r s t  two r e q u ire  m icrosom al
o x id a se s . P y rro le  fo rm ation  is a c tiv a tin g  a n d  th e  o th e rs  d e to x ify in g  as
th e y  p ro d u c e  w ate r so lub le  e x c re ta b le  p ro d u c ts .  T h is  may h a p p e n  v ia
u r in e  o r b ile . T he p rim ary  m etabo lite  may escap e  in to  th e  b lo o d stream
to  re a c h  a n d  dam age o th e r  t i s s u e s .  T he  c o n v e rs io n  of N -o x id es  in to  th e
33te r t i a r y  am ines may o ccu r in  th e  g u t .  T he  fa te s  of th e  a lk a lo id s  a re
su m m arised  in F ig u re  1. I t  is  p o ss ib le  to  see  th e se  a lka lo id s as  th e
outcom e of some e v o lu tio n a ry  d r iv e  to w ard s  a co m p ara tiv e ly  in e r t  m olecule
cap a b le  of r a p id  ac tiv a tio n  to  an  e ff ic ie n t cy to c id a l a lk y la tin g  a g e n t .
S e v e ra l p y rro liz id in e  a lka lo id s a re  c a rc in o g e n s  a n d  m u tag en s .
In  one of th e  s tu d ie s ,  d e r iv a tiv e s  of h e lio tr id in e  a n d  o to n ecin e  (16),
35in c lu d in g  a p y r ro lic  com pound (17) ,  w ere  fo u n d  to  b e  m u tag en ic .
I t  sh o u ld  b e  n o te d  th a t  n o t all p y rro liz id in e  a lk a lo id s  a re
h a rm fu l a n d  m any d isp la y  v e ry  u se fu l th e ra p e u tic  p ro p e r t ie s .  F o r
exam ple , s a r ra c in e  (18) a n d  p la ty p h y llin e  (19) a re  u s e d  in  th e  U . S . S . R .
fo r  th e  tre a tm e n t of h y p e r te n s io n , g a s tro in te s t in a l  h y p erm o b ility  a n d
p e p tic  u lc e ra tio n  in h u m a n s .^  T he  re la tiv e ly  lim ited  to x ic ity  of in d ic in e
N -o x id e  (20) from  H elio tropium  indicum  allow ed i t  to  b e  ch o sen  fo r 
36c lin ica l t r i a ls .  In d ic in e  N -ox ide  is  e f fe c tiv e  a g a in s t g a s tro in te s t in a l
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c a n c e r  a n d  in cases  of leukaem ia a n d  melanoma. * A se m i-sy n th e tic
38an a lo g u e  ( 2 1 ) h a s  b een  show n to  b e  a m ore ac tiv e  a n ti- tu m o u r  a g e n t .  
T h is  a c t iv ity  may b e  r e la te d  to  th e  a lk y la tio n  of c a n c e r  c e l ls .
A goal in th is  a re a  is  to  develop  a m ethod  fo r  p ro te c tin g  
an im als w hich  in g e s t  p y rro liz id in e  a lka lo id s  in th e i r  fe e d . T h is  may be  
b y  m etabolic d e to x if ica tio n , th e  u se  of a d d i t iv e s ,  o r  some o th e r  m ethod .
1 .4  O u tline  of P ro jec t
T h is  w ork  is  d iv id ed  in to  se v e ra l s e c tio n s . T he  s y n th e s is  
of p y r ro liz id in e  a lka lo id s a n d  an a lo g u es  h a s  re c e iv e d  co n s id e ra b le  
a t te n tio n .  T h is  a re a  is  re v ie w e d  in  C h a p te r  Tw o. Work on th e  
s y n th e s is  of th e  f i r s t  m acrocyclic d ie s te r s  in c o rp o ra tin g  h e l io t r id in e -(3) 
is  d e s c r ib e d  in C h a p te r  T h re e . T he main in te rm e d ia te s  in th e  b io ­
s y n th e t ic  p a th w ay  of re tro n e c in e  h av e  now b een  e s ta b lis h e d  b u t  li t t le  
is  know n a b o u t th e  ro u te  to  o th e r  p y rro liz id in e  b a s e s .  Work on th e  
b io s y n th e s is  of se v e ra l p y rro liz id in e  b a s e s  is  c o v e re d  in  C h a p te r  F iv e . 
T he  u se  of s t r u c tu ra l ly  m odified p r e c u r s o r  an a lo g u es  to  gain  in fo rm ation  
a b o u t b io sy n th e tic  p a th w a y s  is  in c re a s in g  s te a d ily . T h e  p re p a ra t io n  
a n d  b io sy n th e tic  s tu d ie s  in v o lv in g  p u tre s c in e  an a lo g u es  is  also  
d e s c r ib e d  in  C h a p te r  F iv e . Id e n tif ic a tio n  of p y r ro liz id in e  a lk a lo id s  
from  p la n t  sp ec ie s  n o t p re v io u s ly  in v e s t ig a te d  is  d is c u s s e d  in  C h a p te r  
S ix .
CHAPTER TWO
SYNTHESIS OF PYRROLIZIDINE ALKALOIDS AND ANALOGUES
2 .1  In tro d u c tio n
A g re a t  m any s y n th e s e s  of n e c in e s  an d  n ec ic  ac id s  h av e  b een  
r e p o r te d .  T he com bination of th e s e  m oieties to p r e p a re  p y rro liz id in e  
e s te r s  is  a lso  an a re a  of im m ense chem ical in te r e s t .  T h is  can ta k e  th e  
form  of th e  s y n th e s is  of m o n o este rs  an d  sim ple open  d ie s te r s ,  o r th e  
m ore c h a llen g in g  s y n th e s is  of m acrocyclic  d ila c to n e s . A g ro w th  a re a  
is  th e  p re p a ra t io n  of se m i-sy n th e tic  a n d  s y n th e tic  an a lo g u e s , w hich  a re  
r e q u ir e d  fo r s tu d ie s  of tox ico logy  a n d  s t r u c tu r e - a c t iv i ty  re la t io n s h ip s .
2. 2 S y n th e s is  of P y rro liz id in e  B ases
C o n s id e rab le  p ro g re s s  h a s  b een  m ade b y  a nu m b er of w o rk e rs  
in  d ev e lo p in g  s y n th e t ic  a p p ro a c h e s  to  th e  le s s  o x id ized  n e c in e s , an d  
some headw ay  h a s  b een  made to w ard s  th e  to ta l s y n th e s is  of th e  more 
com plex b a s e s .
T he  re c e n t  p ro fu s io n  of new  ro u te s  to  racem ic p y r ro liz id in e s
h a s  i l lu s t r a te d  th e  in te r e s t  in th is  f ie ld , e .g .  th e  in tra m o le c u la r  a lk y l-
39a tio n s  of a c t iv a te d  cy c lo p ro p an es  (Schem e 3 ). Few p ra c tic a l to ta l 
s y n th e s e s  of op tica lly  ac tiv e  p y rro liz id in e  d e r iv a tiv e s  h av e  em erg ed  in 
sp ite  of th e  d e c e p tiv e  sim plicity  of th e se  t a r g e t s .  T he f i r s t  
c o n s tru c tio n  of a s e r ie s  of o p tica lly  a c tiv e  1-h y d ro x y  m ethyl p y r ro liz i­
d in e s  p ro v id e d  sam ples of b o th  enan tio m ers  of iso re tro n e c a n o l ( 2 2 ) ,  
tra c h e la n th a m id in e  (23) a n d  su p in id in e  (24) from  a re a d ily  availab le
NH
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40s ta r t in g  m a te ria l (Schem e 4 ) . Sam ples of ( - )  -ro sm a rin e c in e  (25) h av e
41b e e n  p ro d u c e d  from  D -g lucosam ine (Schem e 5 ).
T h e  en an tio se le c tiv e  s y n th e s is  of ( + )-h e lio trid in e  (3) a n d
42sev en  o th e r  d iols from  a s ing le  in te rm ed ia te  (26) h a s  b e e n  r e p o r te d .
43T he o p p o s ite  enan tiom er of h e lio tr id in e  h a s  also  b e e n  s y n th e s is e d .
B o th  of th e se  ro u te s  a re  n o te w o rth y  b e c a u se  of th e  sim plicity  of th e
s ta r t in g  m a te ria ls  (Schem e 6 ) . T he m ost common d ih y d ro x y n e c in e ,
re tro n e c in e  (2 7 ) , was f i r s t  s y n th e s is e d  b y  G eissm an an d  Waiss in
racem ic form  v ia  a la c to n e  a n d  th e  en an tio m ers  w ere s e p a ra te d  b y  
44re s o lu tio n . T he  same la c to n e , in  c h ira l fo rm , w as u s e d  to  s y n th e s is e
45( + )-c ro a lb in e c in e  (28) a n d  ( - ) -p la ty n e c in e  (2 9 ). R e c e n tly , (+ )-
re tro n e c in e  w as s y n th e s is e d  b y  th e  c o n s tru c tio n  of an  o p tica lly  ac tiv e
46tr ic y c lic  la c to n e  (30) (Schem e 7 ).
2. 3 S y n th e s is  of A cyclic E s te rs
Among th e  f i r s t  p y rro liz id in e  m o n o este rs  to  b e  s y n th e s is e d
w ere  tra c h e la n th a m in e  (31) an d  v ir id if lo r in e  (32) v ia  a tr a n s e s te r if ic a t io n  
47p ro c e s s .  T h is  in v o lv ed  th e  tre a tm e n t of th e  d i-O -b e n z y le th e r  
d e r iv a tiv e  of th e  m ethy l e s te r  of an  ac id  w ith  th e  1 -h y d ro x y m e th y l 
p y r ro l iz id in e .
T he  u se  of ac id  c h lo rid e s  in th e  s y n th e s is  of p y rro liz id in e  
a lk a lo id s  h a s  b een  p re v a le n t  fo r a n u m b e r of d e c a d e s . T he recom bin ­
ation  of an  amino alcohol a n d  an  ac id  to  s y n th e s is e  h e lio tr in e  (33) a n d
48su p in in e  (34) b y  C u lv en o r e t  a l . ,  an d  th e  s y n th e s is  of b en zo y l
49tra c h e la n th a m id in e  (35) b y  M en 'sh ikov  e t a l. a r e  two of th e  e a r l ie s t  
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S e lec tiv e  e s te r if ic a tio n  of th e  allylic h y d ro x y l g ro u p  h a s  b een
a c h ie v e d  b y  th e  u se  of a coup ling  re a g e n t ,  su c h  as d icyclohexy l
50carbod iim ide  (DCC) o r 1, l '- c a rb o n y l  diim idazole (C D I). T he  e s te r i -
fy in g  ac id s  w ere  n o t a lw ays sim ple, b u t  w ere som etim es a , $ -u n s a tu r a te d
o r h in d e re d  by  a -h y d ro x y l fu n c tio n s  (Schem e 8 ) .  In  th e  case  of
9 - tig ly lre tro n e c in e  (3 6 ), th e  u se  of CDI was p r e f e r r e d  o v e r th a t  of
DCC as  th e  re a c tio n  w as c lean e r in  a u se fu l y ie ld  an d  w ith le ss  isom er-
is e d  p ro d u c to  An u nsym m etrica l d ie s te r  (37) was also  p r e p a re d  b y  th e
tre a tm e n t of re tro n e c in e  in tu r n  w ith p iva loy l im idazole an d  an ac id
c h lo rid e . O th e r  w o rk e rs  h av e  em ployed CDI as  a coup ling  a g e n t in  th e
51s y n th e s is  of in d ic in e  N^-oxide (19) an d  an a lo g u es , e .g .  (20) (S ection
1 .3 ) .  In d ic in e  N -ox ide  h a s  b een  p re p a re d  in  a ra d io a c tiv ity  lab e lled
52form  w ith  a view  to s tu d y in g  th e  a lk a lo id 's  m etabolism .
2. 4 S y n th e s is  of M acrocyclic D ie s te rs
T he fa c t th a t  a num ber of m acrolide n a tu ra l  p ro d u c ts  h av e
an tib io tic  a n d  th e ra p e u tic  p ro p e r t ie s  h a s  p ro m p ted  in te r e s t  in  la c to n is -
a tio n  p ro c e d u re s .  A num ber of rev iew s h av e  been  p u b lish e d  in th is  
53-56a re a . T he in tram o lecu la r  e s te r if ic a tio n  of a h y d ro x y c a rb o x y lic
ac id  is  d e p e n d e n t upo n  se v e ra l sp ec ific  s t r u c tu r a l  f e a tu r e s ,  e .g .
57 58u n s a tu ra t io n  an d  th e  le n g th  of th e  c a rb o n  ch a in .
T he  s y n th e s is  of th e  m acrocyclic d ie s te r  a lka lo id s  is  one of
th e  o u ts ta n d in g  ch a llen g e s  in th is  f ie ld . T he f i r s t  s y n th e s is  of a
b is la c to n e  co n ta in in g  re tro n e c in e  was th e  c o n s tru c tio n  of 1 3 ,13 -d im ethy l-
591, 2 -d id e h y d ro c ro ta la n in e  (3 8 ) . T he ro u te  made ex c e lle n t u se  of th e
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C orey -N ico laou  "double  ac tiv a tio n "  m ethod of la c to n is a t io n . T h is
h ig h ly  e ff ic ie n t m ethod is  mild enough  to  b e  u s e d  in  co n ju n c tio n  w ith
com plex a n d  p o ly fu n c tio n a l s u b s t r a te s  a n d  is  d is c u s se d  in g r e a te r
d e ta il in  C h a p te r  F o u r . T he s y n th e s is  of a s e r ie s  of 11-m em bered
61m acrocyclic  d ie s te r s  of (+ )- re tro n e c in e ,  in c lu d in g  ( + )-d ic ro ta lin e  
6 2(3 9 ) , follow ed th is  in itia l su c c e s s .
T he f i r s t  10-m em bered m acrocyclic p y rro liz id in e  d ie s te r s  w ere
6 3a lso  s y n th e s is e d  v ia  th is  m ethod , e .g .  7 , 9 - 0 , O '- ( s u c c in y l) re tro n e c in e
(4 0 ) . No p y rro liz id in e  a lkalo ids h av e  b een  iso la ted  w ith  a r in g  of
th is  s iz e . A n u m b er of o th e r  n a tu ra l  p ro d u c ts  h av e  b e e n  c o n s tru c te d
6 4b y  th is  p ro c e d u re .  A n o th e r ro u te  to p y rro liz id in e  alkalo id  an a lo g u es
is  v ia  th e  d isp lacem en t of an  allylic c h lo rid e , su ch  a s  is  p r e s e n t  in
( - ) - (  7R, 8R )- l - c h lo ro m e th y l- l ,  2 -d id e h y d ro -7 -h y d ro x y p y rro liz id in e  (4 1 ) ,
b y  a c a rb o x y la te  an io n . T h is  w as u sed  to  p ro v id e  f u r th e r  m acrocyclic
65b is la c to n e s ,  e .g .  (42) (Schem e 9 ) . T he re a c tio n  of th e  a p p ro p r ia te  
a n h y d r id e  p ro b a b ly  fo rm ed  th e  7 -m onoester a n d  in tram o lecu la r d isp la ce ­
m ent b y  a c a rb o x y la te  anion was e ffe c te d  b y  tre a tm e n t w ith  DBN, DBU 
o r H u n ig 's  b a s e .
R e la tiv e ly  few to ta l s y n th e s e s  of n a tu ra l  p y rro liz id in e  
a lk a lo id s  e x is t .  A s well as d ic ro ta lin e , m entioned  p re v io u s ly , th e  only
o th e r  11-m em bered m acrocycles c o n s tru c te d  h av e  b een  c r is p a t in e  (43)
6 6  67a n d  fu lv in e  ( 4 4 ) ,  th e  O -ace ty l d e r iv a tiv e  of c ro b a rb a tin e  a n d
68m onocro ta line  (4 5 ).
T he s y n th e s is  of c r is p a t in e  a n d  fu lv in e  b e g a n  w ith  c r isp a tic  
(46) a n d  fu lv in ic  (47) a n h y d r id e s  re s p e c t iv e ly . L ac to n isa tio n  was 
a c h ie v e d  b y  th e  d isp lacem en t of a m e th an esu lp h o n a te  e s te r  w ith  a
N(38) R1 = R2=CH3
(39) R^OH^R^CHj
HO m
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c a rb o x y la te  an ion  to  form  two se p a ra b le  d ia s te reo iso m e rs  in  each  case  
(Schem e 10).
C ro b a rb a tin e  a ce ta te  an d  a d ia ste reo iso m er w ere c o n s tru c te d  
v ia  th e  u se  of a c h ira l la c to n e  (48) (Schem e 11). T he la c to n e  was 
o p e n e d  as i t s  t e r t i a r y  b u ty l  th io le s te r  a n d  th e  f re e  h y d ro x y l g ro u p  was 
p ro te c te d  as  th e  a c e ta te  e s te r .  T he rem ain ing  ca rb o x y lic  acid  g ro u p in g  
w as a c tiv a te d  as  th e  im idazolide to form  th e  th io le s te r  (4 9 ). T rea tm e n t 
of (+ )- r e tro n e c in e  w ith  th is  th io le s te r  an d  a ca ta ly tic  am ount of b a se  
w as follow ed b y  in tram o lecu la r la c to n isa tio n  to  g ive two d ia ste reo iso m eric  
p r o d u c ts ,  (50) a n d  (5 1 ). Only one of th e  e s te r s ,  (5 1 ) , cou ld  be 
h y d ro ly s e d  to  th e  c o rre sp o n d in g  b a se  (5 2 ). T he a u th o rs  cou ld  n o t 
co n c lu s iv e ly  p ro v e  th a t  (52) c o rre s p o n d e d  to  n a tu ra l  c ro b a rb a tin e , 
o r d e m o n stra te  w hich  one of th e  e s te r s  was th e  a c e ta te  of th is  a lka lo id .
M onocrotaline (45) was p re p a re d  b y  coup ling  of th e  p ro te c te d  
ac id  (53) w ith  a form  of re tro n e c in e  (54) an d  e v e n tu a l f lu o rid e  in d u c e d  
cy c liza tio n  to form  ace ta l (55) (Schem e 12). D esily la tion  of th e  $- 
( tr im e th y ls i ly l )e th y le s te r  to  g e n e ra te  a c a rb o x y la te  an ion  in  s itu  an d  
d isp lacem en t of a m e th an esu lp h o n a te  g ro u p  a t  C~9 of th e  n ec in e  m oiety 
e f fe c te d  th is  tra n s fo rm a tio n . D ep ro tec tio n  a ffo rd e d  th e  f re e  b a se  (4 5 ).
A t th e  p r e s e n t  tim e, on ly  one 12-m em bered m acrocyclic
p y rro liz id in e  a lk a lo id , in te g e rr im in e  (5 6 ) , h a s  b een  s y n th e s is e d .  In
th e  f i r s t  r e p o r te d  s y n th e s is ,  th e  p ro te c te d  a n h y d r id e  (57) was co u p led
w ith  th e  lith ium  alkox ide  of s ily la te d  re tro n e c in e  (54) w ith  p -d im e th y l-
69am in o p y rid in e  (DMAP) a s  a c a ta ly s t (Schem e 13). T he allylic 
h y d ro x y l was d e s ily la te d  an d  th e  m e thy lth iom ethy l g ro u p  w as c o n v e r te d  
in to  a m e th y lsu lp h o n y lm eth y l m oiety . T he a c tiv a te d  ac id  was
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la c to n is e d  b y  in tra m o le c u la r  n uc leoph ilic  d isp lacem en t. R ed u c tio n  of
th e  N -o x id e s , d e p ro te c tio n , a n d  se p a ra tio n  fu rn is h e d  sam ples of
(± ) — (56) a n d  a d ia s te re o iso m e r.
T he  same a lka lo id  was c o n s tru c te d  b y  th e  re g io se le c tiv e
70re a c tio n  of a cyclic a n h y d r id e  w ith  a cyclic  s ta n n o x a n e  (59) (Schem e
7114). T h is  in v o lv ed  th e  s y n th e s is  of ( - ) - in te g e r r in e c ic  ac id  (5 8 ),
a n d  e v e n tu a lly  y ie ld e d  ( - ) - ( 5 6 ) .
A n o th e r  s y n th e s is  of ( - ) - ( 5 6 )  u ti l is e d  a s ily la te d  n ec in e  an d
72a p ro te c te d  ac id  (60) to  fu rn is h  a C -7 m onoester (Schem e 15). 
M odifications to  th e  ally lic  alcohol g ro u p , follow ed b y  s e le c tiv e  c le a v a g e , 
sp o n ta n e o u s  in tram o lecu la r  d isp lacem en t a n d  fin a l d e p ro te c tio n  a f fo rd e d  
in te g e r r im in e .
A nalogues of m acrocyclic b is la c to n e s  b a s e d  u pon  2 ,3 -b is -
73h y d ro x y m e th y  1 -1 -m e th y l-3 -p y rro lin e  (sy n th a n e c in e  A) (61) h av e  b een
74s y n th e s is e d  b y  th e  C orey-N ico laou  ro u te ,  a n d  b y  th e  in tram o lecu la r
75n u c leo p h ilic  s u b s t i tu t io n  of an  ally lic  c h lo rid e . U sing a com bination
of th e s e  two ro u te s ,  m acrocyclic d ie s te r s  of sy n th a n e c in e  A co n ta in in g
7612 to  16-m em bered r in g s  h av e  b een  c o n s tru c te d .  T h ese  d ilac to n es
77a re  m e tab o lised  in  a m an n er sim ilar to  th a t  of th e  n a tu ra l  a lk a lo id s .
OR
L /C O O C H 3 _
c h 3
R=CH20(CH2)2SiMe3
TBDMS
C02(CH2)2SiMe3
H OTBDMS
(56) -
H02C CH3 
(60)
CRU H3C
tH
OTBDMS
C0 2(CH2)2SiMe3
R=TBDMS,H or S02Me 
Scheme 15
CHAPTER THREE
SYNTHESIS OF MACROCYCLIC DIESTERS OF HELIOTRIDINE
3 .1  In tro d u c tio n
M acrocyclic d ie s te r  p y rro liz id in e  a lkalo ids h av e  th e  h ig h e s t
h e p a to to x ic i ty . Some ty p ic a l LD^q v a lu es^  a re  l is te d  in T ab le  1.
A ra n g e  of m acrocyclic d ie s te r s  of (+ )- r e tro n e c in e  (27) was
c o n s tru c te d  b y  R obins e t aL b y  u se  of th e  C orey -N ico laou  m ethod
(se e  S ection  2 .4 ) .  In  th is  w o rk , th e  f i r s t  s y n th e s is  of m acrocyclic
d ie s te r s  c o n ta in in g  ( + )-h e lio trid in e  (3) was a ch iev ed  v ia  th is  ro u te .
A s u p p ly  of ( + )-h e lio trid in e  was o b ta in ed  b y  h y d ro ly s is  of (+ )-e c h ih a -
tin e  (62) a n d , to  a sm aller e x te n t ,  b y  in v e rs io n  of th e  co n fig u ra tio n  of
78th e  se c o n d a ry  h y d ro x y l of (+ )- re tro n e c in e  b y  a l i te r a tu r e  m ethod .
An X -ra y  c ry s ta l  s t r u c tu r e  a n a ly s is  of one of th e se  new  p y rro liz id in e  
a lk a lo id  an a lo g u es  was c a r r ie d  o u t.
3. 2 Iso la tio n  of ( +) -E c h in a tin e
T he f i r s t  aim of th e  p ro je c t w as to loca te  a good so u rc e  of
h e l io tr id in e . With th is  in m ind, C ynoglossum  offic inale  (fam ily
B o rag in aceae ) w as in v e s t ig a te d . P re v io u s  w o rk e rs  h a d  fo u n d  th is
sp e c ie s  c o n ta in e d  a v a r ie ty  of a lk a lo id s , w ith  th e  e x a c t p a t te r n  v a ry in g
ac c o rd in g  to  th e  location  of th e  p la n ts .  T h is  is  n o t u n u s u a l.
In  th e  f i r s t  s tu d y  of th is  s p e c ie s , h e lio su p in e  (63) was
iso la te d , ^  follow ed b y  h e lio su p in e , e ch in a tin e  a n d  th e  c o r re s p o n d in g  
80N -o x id e s . A ce ty lh e lio su p in e  (64) an d  7 -a n g e ly lh e lio tr id in e  (65) w ere
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(62) R1=H;R2= C 0 - ^ - 4 — Me
(63) R=(Z)-COCMe=CHMe, 
R2=COC(OH)(CMe2OH)CHOHCH3
(6A) R1= (Z)-COCMe=CHMe;
R2=COC(OH)(CMe0OH)CH(OAc)CH
(65) R1=(Z)-COCMe=CHMe,R2=H
.0H
/ U J s'Pn-uOH 
V n J  H 4 -0 H
(66 ) CH3
0
h o 4 -c h (c h 3)2
+
C00H
h o 4 - c h (c h , )?
h o 4 - h
( - ) - ( 67)CH
Scheme 16 
Reagents:i.Ba(0H)2,H20,A.
also fo u n d . All th e se  a lka lo id s a re  d e r iv a tiv e s  of h e lio tr id in e  an d
o u r  choice of p la n t seem ed to o ffe r  a good chan ce  of ach iev in g  o u r aim. 
More r e c e n t ly ,  th e  same sp ec ie s  was show n to  co n ta in  corom andalin  ( 6 6 ) .
O u r in v e s tig a tio n  of a b a tc h  of locally  grow n C ynoglossum  
o ffic in a le  re v e a le d , a f te r  h a rv e s tin g  a n d  m ethanolic e x tra c tio n , a 
m ix tu re  of p y r ro liz id in e  a lk a lo id s . T he major a lkalo ida l c o n s ti tu e n t  was 
(+ ) -e c h in a tin e  (6 2 ). T he s t r u c tu r e  a n d  s te re o c h e m is try  w as e s ta b lish e d  
b y  sp e c tro sc o p ic  a n a ly s is  a n d  alkaline  h y d ro ly s is  to th e  f re e  b a s e ,  (+ )-
h e lio tr id in e  (3 ) ,  a n d  ( - ) -v ir id i f lo r ic  ac id  (67)^^  (Schem e 16). A 200
1 1 13MHz H n . m . r .  sp ec tru m  (F ig u re  2) was c a r r ie d  o u t an d  a H / C
84c o rre la tio n  sp e c tru m  (F ig u re  3) w as u se d  fo r  th e  e lu c id a tio n  of th e
s t r u c t u r e .  F o r exam ple , of p a r t ic u la r  in te r e s t  is th e  a ss ig n m e n t of
C -9 /C -3  a n d  C -7 /C -8 , w hich is of v a lue  in th e  b io sy n th e tic  w ork
(se e  S ection  5 .3 ) .  T h is  a lkalo id  was f i r s t  iso la ted  from  R in d e ra
85e c h in a ta  (fam ily  B o rag in aceae ) a n d  th e  s te re o c h e m is try  p r e s e n t  in
86h e lio tr id in e  w as o rig in a lly  d e d u ce d  b y  chem ical m e a n s .
3. 3 S y n th e s is  of (+ ) -H elio trid ine
E nan tiom erica lly  p u re  h e lio tr id in e  was p r e p a re d  b y  m od ifica t-
78io n s to  th e  m ethod  of Zalkow e t a l . , w hich its e lf  u se s  o th e r  well 
know n p ro c e d u re s  (Schem e 17) .
A lth o u g h  se v e ra l p ro c e d u re s  fo r th e  s y n th e s is  of r e tro n e c in e  
(27) h a v e  b e e n  d ev e lo p ed  (se e  S ection  2 .2 ) ,  th e  b a s e  is  m ore easily  
o b ta in e d  b y  th e  h y d ro ly s is  of p y rro liz id in e  a lk a lo id s  co n ta in in g  th e  
r e tro n e c in e  m oiety . T h is  a f fo rd s  o p tica lly  p u re  m a te ria l. F o r th is  
p u rp o s e ,  we m ade u se  of two re a d ily  ava ilab le  m acro cy c le s . R e tro rs in e
Figure 2
200MHz 1Hn.m.n spectrum of 
(+ )-Echinatine (62)
no
-o
HO
(62)
Figure 3 
H /13C COSY n.m.r. spectrum of
(+)-Echinatine (62)
33
( 6 8 ) w as o b ta in e d  b y  m ethanolic e x tra c tio n  of Senecio is a t id e u s
8 7(fam ily  C om positae) , an d  r id d e llin e  (69) was p ro d u c e d  b y  c ry s ta l l iz ­
a tio n  of th e  m other l iq u o rs  of an  e x tra c t  of Senecio  r id d e llii p ro v id e d  
b y  D r . R . J .  M olyneux, U .S .D .A . ,  B e rk e le y , C a lifo rn ia , U .S .A .
A lkaline  h y d ro ly s is  of th e se  two d ie s te rs  y ie ld ed  re s p e c tiv e  acidic 
p o r t io n s .  T he p rim a ry  allylic h y d ro x y l of th e  f re e  b a se  was p ro te c te d
OO
b y  co u p lin g  w ith  benzo ic ac id  u s in g  CDI in d ry  te tr a h y d ro fu ra n  (T H F ).
50T he re a c tio n  was se lec tiv e  an d  q u a n tita t iv e , a ffo rd in g  a clean  p ro d u c t .
No 7 ,9 -d ib e n z o y lre tro n e c in e  was e v e r seen  a s  ev id en ced  b y  t . l . c .  a n d
n . m . r .  s p e c tro s c o p y . T he p ro d u c t was th e  C -9 d e r iv a tiv e  (70) r a th e r
th a n  th e  C -7  isom er a s  th e re  was a d isc e rn ib le  dow nfield  acy la tio n  s h if t
in th e  p o s itio n  of th e  C -9 p ro to n s  in th e  n .m . r .  sp e c tru m . The
re a c tio n  in te rm e d ia te  is  e x p e c te d  to b e  an acylim idazole w ith  e s te r s
r e s u l t in g  b y  th e  tre a tm e n t w ith alcohol.
T he  9 -b e n z o y lre tro n e c in e  (70) was th e n  c o n v e r te d  in to  7-
m e th a n e su lp h o n y l-9 -b e n z o y lre tro n e c in e  (71) b y  tre a tm e n t w ith  f re s h ly
d is ti l le d  tr ie th y la m in e  a n d  m e th an esu lp h o n y l ch lo rid e  u n d e r  a n h y d ro u s
89co n d itio n s  a t  a low te m p e ra tu re . T h is  k ey  in te rm e d ia te  (71) was
iso la te d , b u t  n o t d is ti lle d , an d  u se d  im m ediately in th e  n e x t  c o n v e rs io n .
I t  h a s  lo n g  b e e n  know n th a t  caesium  c a rb o x y la te s  in  d ry  N ,N -d im e th y l-
2 90form am ide (DMF) a re  good n u c leo p h ile s  an d  g ive clean SN s u b s t i tu t io n .  
C aesium  b e n z o a te  a n d  caesium  p ro p io n a te  w ere  p re p a re d  b y  th e  m ethod 
of K ellogg*^ a n d  each  was u se d  in tu rn  to  d isp lace  th e  good leav in g  
g ro u p  p r e s e n t  in  o u r  k ey  in te rm e d ia te . In  each  c a s e , no d e te c ta b le  
am ount of elim ination o c c u rre d . 9 -B en zo y l-7 -p ro p io n y l h e lio tr id in e  (72) 
a n d  7 ,9 -d ib e n z o y l h e lio tr id in e  (73) w ere o b ta in ed  p u re  b y  th e  in t r o d u c t-
HO CH2OH
(68) R1=H/R2=CH3
(69)R1,F?=(CH2)2
HO |_| r OH
■ I
V - N - V  
(70)
. 0C6H5^
CH3S 020 h r 0C0C6H5 RCOQ H ^ 0  HO h
M
V n - V  v n
(71) (72) R=CH2CH3 (3)
(73) R = C6H5
Scheme 17
Reagents-- i-Ba(0H)21H20 , A;ii.C6H5C 0 2H,CDI,THF,r.t.; 
iii.NEt3,CH3S 0 2Cl-10°C;CH2Cl2 ;iv.RC02Cs, 
DMF.A.
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ion  of an  a c id -b a se  recy c le  in to  th e  w o rk -u p  p ro c e d u re s .  A f te r  fu ll 
c h a ra c te r iz a t io n , th e se  two open d ie s te rs  w ere  su b je c te d  in tu r n  to 
c leav ag e  u n d e r  b as ic  co n d itio n s . T he y ie ld s  of (+ )-h e lio tr id in e  (3) 
w ere  u se fu l a n d  co m parab le , a n d  th e  sam ples of th e  f re e  b a s e  w ere 
id e n tic a l in  all r e s p e c ts  w ith  th a t  of th e  n a tu ra l  com pound.
From th e  p o in ts  of view of s im p lic ity , sp e e d  an d  ease  of 
p re p a ra t io n ,  th e  b e s t  way to o b ta in  (+ )-h e lio tr id in e  is b y  th e  h y d ro ly s is  
of a n a tu ra l  a lk a lo id , e . g .  (+ )-e c h in a t in e .
3 .4  S y n th e s is  of 11-m em bered B is lac to n es
A s u p p ly  of (+ )-h e lio tr id in e  was o b ta in e d  b y  th e  p ro c e d u re s  
o u tlin e d  in th e  p re v io u s  two se c tio n s . T he n e x t aim was th e  s y n th e s is  
of th e  f i r s t  m acrocyclic d ie s te r s  co n ta in in g  h e l io tr id in e . In  o rd e r  to 
form  th e  m acrocyclic  r in g  we chose  to u se  g lu ta r ic  a n h y d r id e  a n d  some 
s u b s t i tu te d  d e r iv a tiv e s .
A fte r  a s e r ie s  of tr ia l  re a c tio n s ,  th e  C orey-N ico laou  d oub le
ac tiv a tio n  m ethod  of la c to n isa tio n  w as u ti lis e d  to  p ro v id e  a s e r ie s  of
7, 9 -m acrocyclic  d ie s te r s  of (+ )-h e lio tr id in e . B iological s tu d y  of a
s e r ie s  of 11-m em bered m acrocyclic d ie s te r s  of sy n th a n e c in e  A [ e .g .  (74 )]
h a s  con firm ed  th a t  th e  d iac id  p o rtio n  is  im p o rtan t a n d  th a t  3 , 3 ~
77d is u b s ti tu t io n  c o n fe rs  h ig h  re s is ta n c e  to  e s te ra s e  a ttack *  With th is  
k n o w led g e , we u s e d  3 , 3- d im ethyl g lu ta r ic  a n h y d r id e  to  p ro v id e  ana lo g u e  
(7 5 ) . T he  prob lem  of d ia ste reo isom erism  is  av o id ed  b y  th e  u se  of th is  
sym m etrica lly  s u b s t i tu te d  g lu ta r ic  a n h y d r id e .  T he  ro u te  in v o lv e s  th e  
tre a tm e n t of th e  b a se  w ith  th e  a n h y d r id e  to  form  p red o m in an tly  th e  C-9 
m on o este r (7 6 ) . T h is  re g io se le c tiv e  e s te r if ic a tio n  w as in d ic a te d  b y  a
0(74)
CH
H? H* I
(76)
0 Me Me
(75)(77)
Scheme 18
Reagents-.i.DME,A • ii.PPh3 iii.DME.A.
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dow nfie ld  s h if t  fo r th e  C-9 p ro to n s  in th e  n . m . r .  s p e c tra  of th e
m o n o e ste rs  a s  com pared  w ith  th e  s ig n a l in th e  sp e c tru m  of h e lio tr id in e
91 1(F ig u re  4) ( th e  acy la tio n  s h if t ) .  T he 90 MHz H n .m . r .  sp e c tru m  of
a p re c ip ita te  of th e  m o n o este rs  in  deu te rio m eth an o l show ed s ig n a ls  fo r
th e  C -9  m onoester (76) a t  4 .26 (7 -H ), 4 .40  an d  4 .71  (2H , A B q,
9-H^) , a n d  5 .53 p .p .m .  (2 -H ) an d  fo r th e  C -7  m onoester a t  6 ^  5.00
(7 -H ), 4 .31  (2H , s ,  9 -H ^), a n d  5.50 p .p .m .  (2 -H ). From  th e
50a p p e a ra n c e  a n d  in te g ra tio n s  of th e se  s ig n a ls , th e  ra tio  of 9~ to 
7 -m o n o es te rs  is  4 :1 . C o n v ers io n  of (76) in to  th e  C -9 th io le s te r  (77) 
was e f fe c te d  b y  th e  ad d itio n  of 2 , 2 '- d i th io d ip y r id in e  a n d  t r ip h e n y l-  
p h o sp h in e  to  a su sp e n sio n  of th e  m o n o este rs  in  d ry  1 , 2-d im e th o x y -  
e th a n e  (DME) . R ap id  s t i r r in g  w as m a in ta ined  u n til a hom ogeneous 
so lu tio n  w as o b ta in e d  a n d  co n v ers io n  was com plete as seen  by  t . l . c .  
In tra m o le c u la r  la c to n isa tio n  was c a r r ie d  o u t b y  h e a tin g  th e  d ilu te d  
m ix tu re  a t  r e f lu x  in a f u r th e r  q u a n tity  of d ry  DME (Schem e 18) . 
P ro lo n g ed  h e a tin g  r e s u l te d  in  th e  form ation  of le ss  p o la r p y r ro le s ,  as 
e v id e n c e d  b y  re a c tio n  w ith th e  E h rlic h 's  r e a g e n t (S ec tio n  3 .6 ) .  F inal 
p u r if ic a tio n  of th e  b is la c to n e  (75) was b y  an  a c id -b a se  tre a tm e n t to 
rem ove b y - p r o d u c ts  a n d  b y  ch ro m a to g rap h y  on a b a s ic  alum ina co lum n . 
T h e  a c id -b a s e  re c y c le  may b e  a re a so n  fo r  th e  m o dera te  y ie ld  of 
c y c lis e d  p ro d u c t  a n d  a n o th e r  p ro c e d u re  cou ld  r e s u l t  in an  im provem ent 
of th is  y ie ld .
T he  m acrocyclic n a tu re  of th is  new  p y rro liz id in e  alkalo id
1 13an a lo g u e  w as e s ta b lis h e d  b y  H a n d  C n .m . r .  sp e c tro sc o p ic  s tu d ie s .  
One of th e  m ost im p o rtan t f e a tu re s  in  th e  ^H n . m . r .  sp e c tru m  of (75) 
(F ig u re  5) is  th e  a p p e a ra n c e  of th e  AB system  due  to  th e  s ig n if ic a n t
Figure U
200MHz H n.mr. spectrum of 
(+)-Heliotridine (3)
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FIGURE 5 
200MHz 1H n.m.r. spectrum of 
(+)-7,9-Q,0-(3,3-Dimethyl glutaryl) heliotridine (75)
n o n -e q u iv a le n c e  of th e  two d ia s te reo to p ic  p ro to n s  a t  C -9 . T h is
acy la tio n  s h if t  can  b e  seen  w hen com parison is  made b e tw een  F ig u re s
4 a n d  5. T he chem ical s h if t  d iffe re n ce  of 0 .61  p .p .m .  fo r  th e  C -9
p ro to n s  (A 6 H -9 ) of (75) is w ith in  th e  ty p ica l ra n g e  o b se rv e d  fo r 1 1 -
1 2m em bered  m acrocyclic  d ie s te r s  of (+ )- re tro n e c in e  . ’ T he A <5 H -9 v a lu e
can  b e  u s e d  as a ro u g h  gu ide  to  th e  r in g  size of a re tro n e c in e  m acro-
cyclic  d ie s t e r .  F o r 11-m em bered r in g s  th e  d iffe re n c e  in chem ical
s h if ts  is  ty p ic a lly  0 -0 .75  p . p .m . ,  w hereas  fo r  12-m em bered m acro cy c les,
th e  ra n g e  is u su a lly  1 .1 0 -1 .5 5  p .p .m .  (T ab le  2 ). T he o c c u rre n c e  of
th e  s ig n if ic a n t A 6H -9 v a lu e  is  conv inc ing  ev id en ce  fo r th e  p re s e n c e  of
th e  m acrocyclic  d ie s te r  sy stem . F u r th e r  AB sy stem s a re  e v id e n t fo r
th e  two p ro to n s  a  w ith  r e s p e c t  to  th e  ca rb o n y l c a rb o n  (F ig u re  5) .
T he  m ass s p e c tra l  frag m en ta tio n  p a t te r n  of (+ )-7 , 9 - 0 ,0 '- (  3, 3 -d i-
m e th y lg lu ta ry l)h e lio tr id in e  (75) (Schem e 19) is  c h a ra c te r is t ic  of th e
921 -h y d ro x y m e th y l p y rro liz id in e  n u c le u s . T he form ula
r e q u ir e s  M, 279.1470. An a c c u ra te  m ass m easurem en t of th e  p a r e n t
ion r e v e a le d  M + , 279.1469.
T he a b so rp tio n  of com pound (75) in  th e  in f r a - r e d  sp ec tru m  was 
r e c o rd e d  w ith  a p eak  a t 1733 cm  ^ fo r th e  a b so rp tio n  of th e  c a rb o n y l 
g ro u p s .  T h is  v a lue  is  h ig h ly  ty p ica l of d ie s te r s  of h e lio tr id in e . T he 
so lid  (75) g av e  th e  c o r re c t  m icroanaly tica l d a ta .
T h e  u se  of 3 , 3- te tra m e th y le n e  a n d  3, 3 -p en ta m eth y len e  g lu ta r ic  
a n h y d r id e s  le d  to  th e  form ation  of m acrocyclic b is la c to n e s  (78) a n d  (79) 
r e s p e c t iv e ly .  T h ese  d ie s te r s  h av e  s ig n if ic a n t n o n -e q u iv a le n c e  of th e  
C -9  p ro to n s  w ith  A 6 H-9 v a lu es  of 0 .49 p .p .m .  fo r  (78) a n d  0 .79 p .p .m .  
fo r  (7 9 ) . T he  sim p lest m acrocycle , (+ )-7 , 9 -0 ,  O '- (g lu ta ry l)  h e lio tr id in e
MACROCYCLE RING
SIZE As H-9 (p.p.m.)
MONOCROTALINE (A5) 11 0 16
CRISPATINE (A3) 11 0 32
FULVINE (AA) 11 0 73
OTOSENINE (209) 12 1-U
INTEGERRIMINE (56) 12 1-25
SENECIONINE (205) 12 K 7
(75) 11 0 61
(78) 11 0A 9
(79) 11 0 7 9
(80) 11 0 1 2
(81)/(82) 11 0 -2 9 /0 -1 7
Table 2
m /e 279
0
(75) hUC
0  u c h 2
m /e  137
t  9 H c h 2
m /e 220m /e  119
C H 2  +
m /e  93
H3C ^ 0
c o
m/e 220
+
CH
CO
m /e 120
Scheme 19
Possible mass spectral fragmentation 
pattern of (75)
t= 0
0
(78) R1,R2=(C H 2)a
(79) R1,R2 =(C H 2)5
(80) R1 = R2=H
(81) R1=CH3,R 2=H
(82) R1=H,R2=CH3
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(8 0 ) , was o b ta in e d  as  an  oil a n d  c h a ra c te r iz e d  a s  th e  p ic ro lo n a te .
T h is  an a lo g u e  h a s  a re la tiv e ly  low A 6H -9 v a lu e  of 0 .12 p .p .m .
C om pounds (81) a n d  (82) w ere fu rn is h e d  b y  th e  u se  of m eso-
2, 4 -d im ethy l g lu ta r ic  a n h y d r id e  as  an  in s e p a ra b le  m ix tu re  of d ia s te re o -  
iso m e rs . Colum n c h ro m a to g ra p h y , p . I . e .  a n d  h . p . l . c .  w ere  in e ffe c tu a l 
in  s e p a ra t in g  th is  m ix tu re . C o n s id e ra tio n  of th e  n .m . r .  sp ec tru m  
of th e  m ix tu re  in d ic a te d  th a t  th e  isom ers w ere  p r e s e n t  in a ra tio  of 2 : 1 , 
T he  chem ical s h if t  d if fe re n c e s  fo r th e  C -9 p ro to n s  a re  0 .17 p .p .m .  fo r 
th e  m ajor isom er a n d  0 .29  p .p .m ,  fo r th e  m inor com ponen t. P y rro liz i-  
d in e  a lk a lo id s  w ith  or s u b s t i tu e n ts  a re  b e lie v e d  to  en h an ce  th e  to x ic ity  
b y  c re a tin g  s te r ic  h in d e ra n c e  a ro u n d  th e  e s te r  g ro u p s  an d  th e re b y  
in c re a s in g  th e  r e s is ta n c e  to  e s te ra s e  h y d ro ly s is .
When n a p h th a le n e - 1 , 8 - d ic a rb o x y lic  a n h y d r id e  was u s e d , t . l . c ,  
ev id en ce  in d ic a te d  th e  fo rm ation  of an a lo g u e  (8 3 ) , b u t  th is  11-m em bered 
m acrocyclic  d ie s te r  co u ld  n o t b e  iso la te d . T rea tm e n t of (+ )-h e lio tr id in e  
w ith  2 , 2 - d im ethy l g lu ta r ic  a n h y d r id e ,  r e s u l te d  in no iso la tio n  of th e  
d e s ir e d  c y c lis e d  p ro d u c ts .  S im ilarly , th e  re a c tio n  of th e  f re e  b a se  
w ith  hom oph thalic  a n h y d r id e  b y  th e  C orey-N ico laou  p ro c e d u re  fa iled  to 
p ro d u c e  a n y  cyclic  d ie s te r .
3. 5 A tte m p te d  S y n th e s is  of 10-m em bered B is lac to n es
E n d e a v o u rs  to  c o n s tru c t  10-m em bered m acrocyclic d ie s te r s  of 
(+ )-h e lio tr id in e  p ro v e d  d is a p p o in tin g , a lth o u g h  fo rm ation  of th e  
p y r id in e -2 - th io le s te r s  p ro c e e d e d  n o rm ally . C h ro m a to g rap h ic  ev id en ce  
fo r  th e  fo rm ation  of 7 ,9 - 0 ,O '- ( s u c c in y l)h e lio tr id in e  (84) was o b ta in e d . 
When p h th a lic  a n h y d r id e  w as u s e d  in  th is  p ro c e d u re ,  no  ev id en ce  was
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o b ta in e d  fo r  th e  fo rm ation  of a b is la c to n e . M odels of th e s e  10-m em bered 
m acro cy c les  in d ic a te d  th a t  th e re  may b e  u n fa v o u ra b le  s te r ic  in te ra c t io n s  
in  th e  s y s te m s .
3. 6 C h ro m a to g rap h ic  A n a ly s is  of C orey-N ico laou  M ethod
All of th e  m acrocyclic  d ie s te r s  [ (7 5 ) ,  (7 8 ) - (8 2 ) ]  w ere  p r e p a r e d  
in  a "o n e -p o t"  re a c tio n  a s  n o n e  of th e  in te rm e d ia te s  w ere  ac tu a lly  
iso la te d  a n d  fu lly  c h a ra c te r iz e d .  In  o rd e r  to optim ise th e  y ie ld s  a t  e v e ry  
s ta g e  of th e  r o u te ,  c a re fu l m on ito ring  b y  t . l . c .  w as r e q u ir e d .  T h is  
w as h e lp e d  b y  th e  fa c t th a t  th e  in te rm e d ia te s  h av e  R.£ v a lu es  w hich fall 
w ith in  d is t in c t  r a n g e s ,  a n d  s e v e ra l of th e  com pounds a re  u . v .  a c tiv e  
(T ab le  3 ) .
T h e  so lv e n t sy stem  to  u se  fo r  th e  b e s t  se p a ra tio n  of th e  f re e
b a s e  a n d  th e  r e s u l t a n t  m onoester on an  a n a ly tic a l t . l . c .  p la te  is  1 0 %
co n c . ammonia in  m ethano l. In  th is  sy stem  th e  h ig h ly  p o la r z w itte r -
ion ic m o n o e ste rs  [ e .g .  (76)] h av e  an a v e ra g e  R^ v a lu e  of 0 .61 , an d
(+ )-h e lio tr id in e  (3) h a s  an  v a lu e  of 0 .3 7 . In  th e  norm al t . l . c .
03so lv e n t sy stem  (1 :1 4 :8 5  = 0.89M N H ^M eO H : CHCil^) > th e  m onoester
does n o t move a g r e a t  deal from  th e  b a se lin e  a n d  (+ )-h e lio tr id in e  is
e s s e n tia lly  s ta t ic  (T ab le  3 ). O bv iously  th e  form ation  of th e  m on o este r
was follow ed b y  th e  a p p e a ra n c e  of a com pound of h ig h e r  R^ a n d  th e
d is a p p e a ra n c e  of th e  h e lio tr id in e . T he  s ta in in g  sy stem  th a t  w as u s e d  
3 94is  sp ec ific  fo r  A -p y r r o l in e s .  T he  p y r ro lin e  is  o x id ise d  to th e
c o rre s p o n d in g  p y r ro le  b y  o -c h lo ra n il,  a n d  th e  p y r ro le  is  v is u a lis e d  b y
95re a c tio n  w ith  a m odified  E h r l ic h 's  r e a g e n t  (Schem e 20).
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Scheme 20
(85) (8 6 )
C o n v ers io n  of th e  m onoesters in to  th e  p y r id in e - 2 -th io le s te rs  
[ e .g .  (7 7 )] w as in d ic a te d  b y  th e  a p p e a ra n c e  of a u .v .  a c tiv e  com pound 
a n d  th e  c o n c u r re n t  lo ss  of th e  m onoester. T h is  u . v .  a c tiv e  com pound 
s ta in s  p u rp le  w ith  th e  o -c h lo ra n il/E h r lic h 's  r e a g e n t ,  as  do all o th e r  
d id e h y d ro p y rro liz id in e s . R ing c lo su re  w as b ro u g h t a b o u t b y  a d d in g  
th e  yellow  DME so lu tion  of th io le s te rs  to  a la rg e r  volum e of DME an d  
h e a tin g  a t re f lu x  u n d e r  th e se  h ig h  d ilu tion  c o n d itio n s . T he cyclic  
d ie s te r s  [ (7 5 ) ,  (7 8 )- (8 2 )]  a re  le ss  p o la r th a n  th e  th io le s te rs  a n d  s ta in  
p u r p le .  T h ey  h av e  no  a p p rec iab le  u .v .  a c t iv ity .  T he two m ajor 
b y - p r o d u c ts ,  p y r id in e - 2 -th ione  (85) an d  tr ip h e n y lp h o s p h in e  ox ide  ( 8 6 ) ,  
r u n  c lose to  th e  d ilac to n e s . B oth  b y -p ro d u c ts  a re  v is ib le  u n d e r  u . v .  
l ig h t  a n d  p y r id in e - 2 - th io n e  s ta in s  a v e ry  v iv id  yellow  co lou r w ith  th e  
v is u a lis in g  sy stem . T h u s  it  can be  seen  th a t  th e  u se  of t . l . c ,  an d  
th e  a p p ro p r ia te  v isu a lisa tio n  te c h n iq u e s  can le t  u s  look a t  all of th e  
re a c tio n  in te rm e d ia te s  an d  en d  p ro d u c ts .
3. 7 X -R ay  A n aly sis  of P y rro liz id in e  A lkalo ids
T he d iffe rin g  A 6 H-9 v a lu es  of th e se  new  p y rro liz id in e  
a lk a lo id  an a lo g u es  [ (7 5 ) , (7 8 )- (8 2 )]  a re  b e lie v e d  to  re f le c t  th e  d if fe re n t 
co n fo rm ations of th e  d iacid  p o rtio n s  in th e  m acrocyclic  sy s tem s  in  
o rg a n ic  so lu tio n s . T he d esh ie ld in g  may be  g r e a te r  th a n  1 p .p .m .  if 
th e  e s te r  c a rb o n y l g ro u p  an d  th e  p ro to n  a re  alm ost c o p la n a r . T he 
do u b le  b o n d  of th e  p y rro liz id in e  n u c le u s  can  also  d e sh ie ld  th e  C- 9 
p r o to n s .
X -R ay  d a ta  on 1 1 -m em bered  m acrocyclic d ie s te r s  of (+ )-  
re tro n e c in e  h av e  show n th a t  m ost h av e  e s te r  c a rb o n y l g ro u p s  th a t  a re
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sy n p crip la -n a r an d  d ire c te d  dow nw ard  from  th e  la rg e  r in g ,  w hile fo r
1 2 -m em b ered  b is la c to n e s  of (+ )- re tro n e c in e  th e  e s te r  c a rb o n y ls  a re
a n t ip e r ip la n a r  a n d  d ire c te d  o u tw ard  from  th e  m a c ro -r in g . T he la t te r
ca se  is  a lso  t r u e  fo r th e  toxic m e tabo lite , d e h y d ro se n e c io n in e  (8 7 ).
I t  w as im p o rta n t to  e s ta b lish  th e  confo rm ations of th e se  new  a lkalo id
a n a lo g u e s . F or exam ple, th e y  may fa v o u r  th e  o x ida tion  of th e  3-
p y r ro lin e  r in g s  to  th e  toxic p y rro le  m e tabo lites  r a th e r  th a n  th e
d e to x ifica tio n  p ro c e s se s  of N_-oxidation o r lac to n e  h y d ro ly s is .  I t
sh o u ld  b e  n o te d  how ever th a t  th e  confo rm ations a d o p te d  b y  th e
a lk a lo id s  in  th e  so lid  s ta te  an d  in o rg an ic  so lu tio n s  a re  n o t n e c e s s a r i ly
th e  same as  th o se  p r e s e n t  when th e  a lka lo id s a re  m etabo lised  in  v iv o ,
i . e .  in  d ilu te  aq u eo u s  m edia.
T he conform ation  of h e lio tr id in e  (3) is  th o u g h t to  b e  com posed
96of a m ix tu re  of two ra p id ly  in te rc o n v e r t in g  form s in  so lu tion  a n d  is
97 98e n d o -p u c k e re d  in th e  X -ra y  c ry s ta l  s t r u c tu r e .  H elio trine  (33)
99a n d  la s io c a rp in e  (5) also e x is t w ith  r in g  A in  th e  e n d o -b u c k le d  form„
C o lo u rle s s , o rth o rh o m b ic , p la te -s h a p e d  c ry s ta ls  of ( + ) - 7 , 9 - 0 ,0 '- ( 3 ,  3-
d im e th y lg lu ta ry l)h e lio tr id in e  (75) w ere  grow n from  cy c lo h ex an e  a n d  th e
X -ra y  s t r u c tu r e  was e lu c id a te d . R ing A of th e  p y rro liz id in e  n u c le u s
is  e x o -b u c k le d . T he ad d itio n  of th e  m acrocycle h as  th e re fo re  in d u c e d
a confo rm ational ch an g e  to  th e  e x o -form w hich  dom inates o th e r  p y r ro li -
97z id in e  a lk a lo id s  an d  b a s e s ,  e .g .  (+ )- re tro n e c in e  (2 7 ). T he  conform ­
a tio n  of th e  e s te r  c a rb o n y l g ro u p s  of th e  1 1 -m em bered  r in g  is  a n ti­
p a ra l le l ,  a n d  th e  e s te r  c a rb o n y l g ro u p  a t  C - l l  is  o r ie n te d  in  th e  same 
d ire c tio n  as  H - 8 . T he a lte rn a tiv e  a n tip a ra lle l a r ra n g e m e n t h a s  b e e n  
fo u n d  fo r  trich o d esm in e  ( 6 ) ,  an 1 1 -m em bered  m acrocyclic  re tro n e c in e
(87) (6)
(3) r^ h. r I h
(5) R^= (Z)-COCMe=CHMe,
R2= COC(OH)(CMe2OH)CH(OMe)CH3
(33)R1=H.R2=C0C(0H)(CHMeXH(0Me)CH
Figure 6
X-Ray Crystal Structure of 
(+)-7,9 - QQ-(3,3 -DimethylglutaryI) heliotridine (75)
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d ie s te r .  T he m acrocyclic d ie s te r  (75) is  shown in  i t s  conform ation
w ith  th e  co n v en tio n a l n um bering  sy s tem 1 0 1  (F ig u re  6 ) .
3. 8 Sum m ary an d  C onclusions
A se r ie s  of 11-m em bered m acrocyclic b is la c to n e s  [ (7 5 ) ,  (7 8 )-  
(8 2 )] of (+ )-h e lio tr id in e  (3) h av e  b een  p re p a re d  via th e  C orey -N ico laou  
doub le  ac tiv a tio n  m ethod of la c to n is a t io n . Fu ll s t r u c tu r a l  e lu c id a tio n  
w as c a r r ie d  o u t.  T he b a se  was iso la ted  from  n a tu ra l  so u rc e s  a n d  
s y n th e s is e d  from  (+ )- re tro n e c in e  (2 7 ). An X -ra y  c ry s ta l  s t r u c tu r e  of 
one of th e s e  p y rro liz id in e  alkalo id  an a lo g u es  (75) re v e a le d  th e  conform ­
a tio n  in  th e  so lid  s ta te .
3. 9 F u r th e r  P ossib le  S tu d ie s
T h e  d ie s te r s  w ere s y n th e s is e d  in  m odera te  y ie ld s  o n ly ,
p ro b a b ly  in  p a r t  due  to  th e  e lab o ra te  p u rif ic a tio n  p ro c e d u re s  r e q u ir e d .
T he rem oval o r rep lacem en t of th e  a c id -b a se  re c y c le  sh o u ld  in c re a s e
th e  fin a l y ie ld s  as  th e  b is la c to n es  a re  u n d o u b te d ly  u n s ta b le  in  th e se
a q u e o u s  m edia. If  th e  la rg e  am ounts of coup ling  r e a g e n ts ,  a n d  h e n c e
b y - p r o d u c ts ,  cou ld  b e  re d u c e d  o r even  elim inated  b y  t ry in g  d if fe re n t
la c to n isa tio n  p ro c e d u re s ,  th e  reac tio n  effic ien cy  m igh t a lso  im p ro v e .
T h e  h y d ro c h lo r id e  sa lt of (7 5 , 8 R )- l - c h lo ro m e th y l- l ,  2 -d id e h y d ro -7-
8 6bh y d ro x y -p y r ro liz id in e  ( 8 8 ) is  a know n com pound a n d  may b e  
ex tre m e ly  u se fu l in  th is  r e s p e c t .  I t  is  know n th a t  th e  c o r re sp o n d in g  
ally lic  c h lo rid e  (41) d e r iv e d  from  re tro n e c in e  can  b e  s u c c e s s fu lly  
em ployed  in  th e  c o n s tru c tio n  of m acrocyclic b is la c to n e s  (se e  Section  
2 .4 ) .
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(88)
(89 )
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T he te s t in g  of th e se  new analogues co n ta in in g  (+ )-h e lio tr id in e  
w ould  b e  of in te r e s t  to  ev a lu a te  th e ir  bio logical p ro p e r t ie s ,  e .g .  h e p a to -  
to x ic ity  a n d  c a rc in o g e n ic ity . Upon th e  com pletion of th e se  s tu d ie s ,  
f u r th e r  m odifications to  th e  s t r u c tu re  of th e  acidic an d  b as ic  m oieties 
may b e  d e s ira b le .
T he p ro d u c tio n  of o th e r  p y rro liz id in e  alkalo id  an a lo g u es  sh o u ld  
a lso  b e  an  aim. T he s y n th e s is  of m acrocycles w ith v a r ie d  r in g  s iz e s  
is  a p r im a ry  ta r g e t .  The u se  of novel cyclic a n h y d r id e s  cou ld  ev e n tu a lly  
p ro d u c e  m acrocyclic  b is la c to n es  w hich m ight h av e  in te r e s t in g  a n d  
p o s s ib ly  u n u su a l b io logical a n d  m edicinal p ro p e r t ie s .  F o r exam ple , th e  
s u b s t i tu t io n  of a h y d ro g e n  atom b y  a flu o rin e  atom or a tr if lu o ro m e th y l 
g ro u p  m igh t a f fe c t th e  a c tiv ity . Many f lu o rin e -c o n ta in in g  a n h y d r id e s  
a n d  a c id s  a re  re a d ily  ava ilab le , e .g .  p e rf lu o ro g lu ta r ic  (89) a n d  p e r f lu o ro -  
su c c in ic  (90) a n h y d r id e s .
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CHAPTER FOUR
BIOSYN TH ESIS OF THE PYRROLIZIDINE ALKALOIDS
4o 1 In tro d u c t io n
In v e s tig a tio n s  in to  th e  b io sy n th e s is  of n a tu ra l p ro d u c ts  h av e
le d  to  th e  re c o g n itio n  of p re c u r s o r -p ro d u c t  re la tio n s h ip s  in  m any c la sse s
of com pounds o T h ese  s tu d ie s  w ere in itia lly  c a r r ie d  o u t u s in g  ra d io -  
3 14iso to p e s  ( H , C) . O rig in a lly , o rgan ic  ch em is try  w as th e  on ly  tool 
av a ilab le  to  e s ta b lis h  labelling  p a t te rn s  in n a tu ra l p ro d u c ts  b y  p e rfo rm ­
in g  d e g ra d a tiv e  re a c tio n s  an d  m aking d e r iv a tiv e s . H ow ever, o v e r th e  
p a s t  few  d eca d es  a num ber of n o n -d e g ra d a tiv e  s p e c tra l m ethods have ' 
b e e n  in t ro d u c e d  w hich hav e  h ad  a g re a t im pact u pon  th e  r e s e a rc h  in to
th e  b io g e n e s is  of n a tu ra lly  o c c u rrin g  com pounds. A pp lication  of su c h
2 13new  m ethodo logy  as H an d  C n .m .r ,  sp e c tro sc o p y  h a s  r e s u l te d  in  a 
n u m b e r of a d v a n c e s , sev e ra l of which h av e  o c c u rre d  in th e  f ie ld  of 
r e s e a r c h  in to  p y rro liz id in e  a lka lo id s.
4. 2 N ecine B ases
A lm ost all of th e  b io sy n th e tic  s tu d ie s  r e p o r te d  to  d a te  h av e  
b e e n  c a r r ie d  o u t upo n  th e  most f re q u e n tly  iso la ted  n e c in e , r e tro n e c in e  
(2 7 ) . T h e  in itia l p re d ic tio n  of S ir R o b e rt R obinson  th a t  th e  p y r ro liz i­
d in e  n u c le u s  o r ig in a te s  b y  th e  cond en sa tio n  of two m olecules h a s  b e e n  
s u b s t a n t i a t e d . 1 0 2  I t  is  now w idely a c c e p te d  th a t  o rn ith in e  (91) is  u s e d  
in  th e  b io s y n th e s is  of th e  b icyclic n ec in e  s t r u c tu r e .  A t some s ta g e
in  th e  b io s y n th e tic  p a th w ay , C -2 an d  5 of o rn ith in e  becom e e q u iv a le n t
5 6
s u g g e s tin g  th a t  a sym m etrica l in te rm e d ia te  is  in v o lv e d , e . g .  1 ,4 -d iam in o -
104b u ta n e  (p u tr e s c in e )  (9 2 ) . A rg in in e  (93) is  a lso  know n to  b e  a
105p r e c u r s o r  of r e tro n e c in e .  G en e ra lly , th e  ra d io a c tiv e  a lk a lo id s
o b ta in e d  a f te r  fe e d in g  w ere  h y d ro ly s e d  to  re tro n e c in e  a n d  th e  r e t r o n e c -
106in e  w as d e g ra d e d  to  y ie ld  C -9  as  fo rm ald eh y d e  a n d  C -5  to  7 as  
107$ -a la n in e . T h e se  r e s u l t s  a re  sum m arised  in Schem e 21.
13T he u se  of p r e c u r s o r s  sp ec ifica lly  e n r ic h e d  w ith  C atom s
13h a s  re c e n t ly  b lo sso m e d „ With th e  a id  of C n .m . r .  sp e c tro s c o p y , th e
com plete la b e llin g  p a t te r n s  in re tro n e c in e  h a v e  b e e n  e s ta b l is h e d . T he  
13 13fe e d in g  of [1 - C ] -  a n d  [1 ,4 -  C 2 ]p u tr e s c in e ,  (94) a n d  (95) r e s p e c t iv e ly ,
13r e s u l te d  in  th e  o b se rv a tio n  of fo u r  e n h a n c e d  s ig n a ls  in  th e  C n . m . r .
108 13s p e c tr a .  T he u se  of [1 ,2 -  C ^ ]p u tre s c in e  (96) le d  to  th e  flan k in g
13of all e ig h t C n . m . r .  s ig n a ls  in re tro n e c in e  b y  d o u b le ts  w ith  th e
13 13 109r e s u l t a n t  o b se rv a tio n  of fo u r  p a i r s  of C - C coup ling  c o n s ta n ts .
13When [2 ,3 -  C ^ ]p u tre s c in e  (97) was in c o rp o ra te d  in to  re tro n e c in e ,  two
p a i r s  of th e se  d o u b le ts  w ith  d if fe re n t  cou p lin g  c o n s ta n ts  w ere  s e e n ." ^ ^
D ire c t e v id en ce  fo r th e  inv o lv em en t of a la te r  sym m etrica l in te rm e d ia te
15 13w as o b ta in e d  w hen [ 1 -am ino- N , l -  C jp u tre s c in e  (98) w as u s e d  a n d  th e  
13C n . m . r .  sp e c tru m  of th e  r e s u l ta n t  a lka lo id  was a n a ly se d . A s well a s  
th e  e x p e c te d  e n r ic h m e n ts , two d o u b le ts  c o rre sp o n d in g  to  C -3 /N -4  a n d
C -5 /N -4  w ere  s e e n .^ ^ ^ ’ ^^^ T he en ric h m en t a t  each  s i te  was ap p ro x im -
13 15 15a te ly  e q u a l . T h e se  C - N sp ec ie s  w ere  also  o b s e rv e d  in  th e  N n . m . r .
s p e c tr a .  T he  m olecules of re tro n e c in e  show n a s  b e in g  p ro d u c e d  from
(9 4 )-(9 8 )  a re  r e p re s e n ta t io n s  of all th e  p o ss ib le  sp e c ie s  in v o lv e d  in  each
case  (Schem e 22).
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T he la te r  sym m etrical in te rm e d ia te  w as show n to  b e  N -(4 -
a m in o b u ty l) - l ,4 -d ia m in o b u ta n e  (hom osperm idine) (99) b y  th e  e ff ic ie n t
in ta c t  in c o rp o ra tio n  of [ 1 , 9 -  1 4 C 2 ] - 1 0 8  a n d [ 1 , 9- ^ C 2 ] -h o m o sp e rm id in e , 1 1 1
r e s p e c t iv e ly  (100) a n d  (1 0 1 ). In  th e  case  of (1 0 1 ), tw o d o u b le ts  w ere
13su p e rim p o se d  on th e  s in g le ts  c o r re sp o n d in g  to  C - 8  a n d  9 in  th e  C 
n . m . r .  s p e c tru m . F u r th e r  s u p p o r t  fo r  hom osperm id ine a s  an  i n t e r ­
m ediate  in  re tro n e c in e  b io s y n th e s is  h a s  b e e n  o b ta in e d  b y  i t s  c o n v e rs io n
1 'in to  tra c h e la n th a m id in e  (23) u s in g  enzym es an d  p h y sio lo g ica l c o n d itio n s .
T he in itia l o x id a tio n  is  b e lie v e d  to  y ie ld  an  a ld e h y d e  sp e c ie s  w h ich
c y c liz e s  in tra m o le c u la rly  to  1-form yl p y r ro liz id in e . T he 1 -h y d ro x y m e th y l
p y rro liz id in e  (23) is  a f fo rd e d  by  re d u c t io n . T rac h e lan th am id in e  i ts e lf
h a s  b e e n  show n to  b e  an  in te rm e d ia te  along th e  b io sy n th e tic  p a th w a y .
14T he p u ls e - fe e d in g  of CO 2 to  a p la n t w hich  p ro d u c e s  p y rro liz id in e
a lk a lo id s  r e s u l te d  in  th e  lab e llin g  of tra c h e la n th a m id in e  (2 3 ), su p in id in e
113(24) a n d  re tro n e c in e  (2 7 ) , w ith  th e  s a tu r a te d  b a se  e x h ib itin g  th e  
h ig h e s t  sp ec ific  ra d io a c tiv i ty .  T he main s ite s  of a lk a lo id  b io s y n th e s is  
a p p e a re d  to  b e  th e  le a v e s  of th is  p la n t .  R ad io ac tiv e  sam ples of 
tra c h e la n th a m id in e  a n d  iso re tro n e c a n o l ( 2 2 ) w ere  in d e p e n d e n tly
114 115s y n th e s is e d  b y  two g ro u p s  an d  fe d  to  d if fe re n t  S enecio  sp e c ie s . *
In  b o th  c a s e s ,  tra c h e la n th a m id in e  w as in c o rp o ra te d  in to  r e tro n e c in e  to  a
h ig h e r  d e g re e  th a n  p u tr e s c in e ,  w hich  its e lf  w as a m uch m ore e ff ic ie n t
p r e c u r s o r  th a n  is o re tro n e c a n o l. T h is  r e s u l t  is  c o n s is te n t  w ith
p u tre s c in e  b e in g  a m ore rem ote p r e c u r s o r  th a n  tra c h e la n th a m id in e .
B y c o n t r a s t , is o re tro n e c a n o l is  a v e ry  e ff ic ie n t p r e c u r s o r  fo r  ro sm a r in -  
114ecin e  (2 5 ) .  A p a th w a y  can  b e  p o s tu la te d  to  a c c o u n t fo r  th e s e  
f in d in g s  (Schem e 23 ).
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In  o rd e r  to  u n d e r s ta n d  th e  s te re o c h e m is try  in h e re n t  in  th e
enzym ic p ro c e s s e s  in v o lv ed  in th e  b io s y n th e s is  of p y rro liz id in e  a lk a lo id s ,
2sp ec if ica lly  H -lab e lled  p r e c u r s o r s  w ere  s y n th e s is e d .  T he  d e c a rb o x y l­
a tio n  of b as ic  a-am ino ac id s  a n d  th e  o x id a tio n  of th e  r e s u l ta n t  am ines
116a re  th e  k e y  s te p s  in  th e  b io s y n th e s is  of m any a lk a lo id s . I t  is  know n
th a t  in th e  o x id a tiv e  deam inations b y  am ine o x id a se s  (E . C . 1. 4. 3. 6 ) from
p ea  s e e d lin g s ,  th e  s te re o sp e c if ic  rem oval of th e  p r o - S -h y d ro g e n  atom
from  th e  m e th y len e  g ro u p  o c c u rs . T h is  may h a p p e n  v ia  an  imine 
117 118(Schem e 2 4 ). ' T h e re  may b e  m ore th a n  one ty p e  of re a c tio n  as
some eryz-yrries a re  know n to  u se  p y r id o x a l p h o s p h a te  a s  c o fa c to r  a n d  
some do n o t .  T he  d e ta ile d  m echanism  is n o t know n fo r  ev en  one o x id a se . 
T he  la b e llin g  p a t te r n s  in  r e t r o r s in e  d e r iv e d  b io s y n th e tic a lly
from  [ 1 , 1 , 4 , 4 -^H ^ ]- a n d  [2 , 2 ,3 ,3 -^ H ^ ]p u tre sc in e  [(103) a n d  (104) r e s p . ]
2 119 h a v e  b e e n  e s ta b l is h e d  b y  H n . m . r .  sp e c tro s c o p y . In c o rp o ra tio n  of
2
[ 1 ,1 ,4 ,4 -  H ^ ]p u tre sc in e  le d  to  th e  d isc o v e ry  th a t  th e  h y d r id e  d ono r
a t ta c k s  th e  a ld e h y d e  p r e c u r s o r  on th e  r e - f a c e  of th e  c a rb o n y l g ro u p  
2as  th e r e  w as a H n . m . r .  s ig n a l a t  th e  C -9  p r o - S p o s itio n . T he  u se
2 2 of [ 2 ,2 ,3 ,3 -  H ^ ]p u tre sc in e  show ed  a H atom to  b e  p r e s e n t  a t C -7 a  in
th e  sam ple of r e t r o r s in e .  T h is  r e s u l t  in d ic a te s  th a t  th e  in tro d u c tio n  of
th e  7 3 -h y d ro x y l g ro u p  does n o t in v o lv e  a k e to  o r an enol in te rm e d ia te .
When R - [1 -^ H ^ ]-  a n d  S -[  l-^ H ^ ]p u tre s c in e  [(105) a n d  (106)
r e s p . ]  w ere  u s e d ,  th e  la b e llin g  p a t te r n s  a g re e d  w ith  th e  p re v io u s
r e s u l t s .  T h e  u se  of R -[  2 -^ H ^ ]p u tre s c in e  (107) le d  to  th e
d is c o v e ry  th a t  th e  p r o - S h y d ro g e n  atom is  lo s t a t  C -2  d u r in g  th e  fo rm -
120ation  of th e  1 ,2 -d o u b le  b o n d  of re tro n e c in e .  T h is  may b e  e x p la in e d
b y  h y d ro x y la t io n  of tra c h e la n th a m id in e , follow ed b y  th e  elim ination of
RR
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th e  e lem en ts  of w a te r . T he  p a t te r n  of in c o rp o ra tio n  of S - [2 -  H ^]-
p u tr e s c in e  (108) d e m o n s tra te d  th a t  th e  h y d ro x y la tio n  s te p  a t  C -7
120p ro c e e d s  w ith  re te n tio n  of c o n f ig u ra tio n .
T he  r e s u l t  of all of th e se  ex p e rim en ta l f in d in g s  is  th e  filling  
in  of th e  s te reo ch em ica l d e ta ils  of a n u m b e r of th e  k ey  s te p s  in  th e  
b io s y n th e tic  p a th w ay  (Schem e 25 ). O x idation  of p u tre s c in e  (92) to  
4 -am in o b u tan a l (109) is  follow ed b y  coup ling  w ith  a f u r th e r  m olecule of 
p u tr e s c in e  to  form  th e  im ine (1 1 0 ). R ed u c tio n  of th is  im ine from  th e  
s i- fa c e  a f fo rd s  hom osperm id ine  (9 9 ) . F u r th e r  o x id a tio n  of hom osperm i­
d in e  a f fo rd s  an  a ld e h y d e . A dd itio n a l c y c lisa tio n  a n d  o x id a tio n  g iv e s  a 
p y rro liz id in e  a ld e h y d e  ( 1 1 1 ) ,  w hich y ie ld s  tra c h e la n th a m id in e  (23) on 
s te re o sp e c if ic  r e d u c t io n .
In  th e  co n v e rs io n  of h e lio tr in e  (33) in to  h y d ro x y  dan  ai dal (112), 
a  male m oth p h e ro m o n e , th e  c o n fig u ra tio n  a t  C -7  is  in v e r te d  (Schem e 
2 6 ) .121
4. 3 N ecic A cids
All of th e  nec ic  ac id s  th u s  f a r  in v e s t ig a te d  h av e  b e e n  show n to  
b e  d e r iv e d  from  amino ac id  m olecu les. H elio sup ine  (63) w as iso la te d  
from  C ynog lossum  o ffic ina le  a n d  c o n ta in s  two e s te r i f ie d  a c id s ,  echim idinic
(113) a n d  an g e lic  (1 1 4 ). C ro u t h a s  d e m o n s tra te d  th a t  th e  fo rm er is
14 122d e r iv e d  from  v a lin e  b y  th e  in c o rp o ra tio n  of [4 - C] v a lin e  (1 1 5 ).
A ngelic  ac id  is  p ro d u c e d  b io sy n th e tic a lly  from  iso leu c in e  (116) as dem on-
14s t r a t e d  b y  th e  in c o rp o ra tio n  of a u n iv e rs a l ly  C e n r ic h e d  sam ple of
123 14th is  a c id . T he u se  of [1 -  C ]tig lic  ac id  (117) a n d  th e  sp ec ific
in c o rp o ra tio n  of th is  geom etrica l isom er of an g e lic  ac id  in to  h e lio su p in e ,
CH3 CH3
H COOH
(117)
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124s u g g e s ts  th a t  iso m erisa tio n  o c c u rs  d u r in g  th e  p ro d u c tio n  of th e  a lk a lo id .
T h e se  r e s u l t s  a re  in te r p r e te d  diagram m atic ally  in  Schem e 27.
M any o th e r  s tu d ie s  u pon  th e  p a th w a y s  u s e d  to  c o n s tru c t  th e
2n ecic  a c id s  h av e  ta k e n  p la ce . T he m ajority  of th e se  in v o lv e  th e  feed in g
of amino ac id  m olecu les. I t  is  n o te w o rth y  th a t  no  m acrocyclic  d ie s te r s
h a v e  7 a -h y d ro g e n . T h is  may b e  a co n se q u e n c e  of b io g e n e s is  w hen two
125a c id  p o r t io n s  com bine to  form  a m acrocycle .
4 .4  T h e  u se  of A nalo g u es in B io sy n th e tic  S tu d ie s
A n alo g u es  of know n p r e c u r s o r s  can  b e  of a s s is ta n c e  in 
e lu c id a tin g  b io s y n th e tic  p a th w a y s . T he ab ility  o r in a b ility  of liv in g  
sy s te m s  to  c o n v e r t  chem ically  m odified  p r e c u r s o r s  in to  an a lo g u es  of th e ir  
no rm al m e tab o lite s  can  som etim es th ro w  l ig h t  u p o n  th e  tra n s fo rm a tio n s  
o c c u r r in g .  T he  an a lo g u e  s u b s t r a te s  may b e  m etabo lized  in an  abnorm al 
w ay , g iv in g  r i s e  to  new  s t r u c tu r a l  ty p e s .  In d e e d , th e  m etabolism  may 
b e  c h a n g e d  s u f f ic ie n tly  so th a t  g ro w th  is  in h ib ite d  o r th e  ce lls  d ie .
T h e  b a s is  of th e  c o n s tru c tio n  of a p a r t ic u la r  an a lo g u e  of a 
k now n b io s y n th e tic  p r e c u r s o r  is to  re p la c e  an  atom o r g ro u p  b y  a 
d e te c ta b le  la b e l. One of th e  s im p les t c a se s  is  th e  re p la cem e n t of a 
h y d ro g e n  b y  a f lu o rin e  atom . T he p ro p e r t ie s  of f lu o rin e  a re  id e a lly  
s u i te d  fo r  th is  p u rp o s e  (se e  T ab le  4 ) . T he elem ent form s a s tro n g  
b o n d  to  c a rb o n  a n d  is  n o t re a d ily  d isp la c e d . T he v an  d e r  Waals ra d iu s  
of f lu o rin e  is  c lo se ly  sim ilar to  th a t  of h y d ro g e n  a n d  th e  s te r ic  in te r ­
a c tio n s  w ith  enzym es sh o u ld  b e  sim ilar. F lu o rin e  h a s  ev en  b e e n  ca lled
th e  fo u r th  iso to p e  of h y d ro g e n . F lu o rin e  is  e asy  to  o b se rv e  in
19iso la tio n  b y  th e  u se  of F n .m „ r .  s p e c tro sc o p y  a n d  is  re la tiv e ly
b b
Atom or 
Group
Van DerWaals 
Radii (A)
C-X Bond Energy 
(kj/m ole)
H 1-20 416
F 1-35 485
Cl 1-80 327
Br 1-95 285
c h 3 2-00 356
Table 4
FCH2COOH
(118)
HOOC
HOOC H
(119)
6uncom m on in  liv in g  o rg a n ism s . T he  a tte m p te d  s u b te r fu g e  a t an  enzym e 
re c e p to r  s ite  is  o f te n  d e te c te d  b y  th e  sy stem  and may le a d  to  p itfa lls  su c h  
a s  'le th a l s y n th e s i s ' . T h is  a p p ro a c h  is  u s e d  in c a n c e r  tre a tm e n t.  
B a lan ced  a g a in s t  th e  s im ila ritie s  of f lu o rin e  a n d  h y d ro g e n  atom s a re  th e  
d ra w b a c k s . T he  h ig h  e le c tro n e g a tiv i ty  of th e  elem ent f r e q u e n t ly  a l te r s  
th e  chem ical r e a c tiv i ty  a n d  e lec tro n ic  e f fe c ts .  O th e r atom s a n d  g ro u p s  
h a v e  a lso  a t t r a c te d  a t te n tio n  as  a re p la c e m e n t fo r  h y d ro g e n  a n d  some of 
th e s e  a re  l i s te d  (T a b le  4 ).
F lu o r in a te d  an a lo g u es  of n a tu ra l  s u b s t r a te s  h a v e  b e e n  m etabo l­
iz e d  b y  a w ide v a r ie ty  of b io log ical sy s te m s . In  m ost c a s e s ,  th e  
f lu o r in a te d  p r e c u r s o r  an a lo g u es  w ere  tra n s fo rm e d  i n t o . d e r iv a tiv e s  of th e  
"norm al" m e tab o lite s . T he  b e s t  r e s u l t s  w ere o b ta in e d  w hen th e  f lu o rin e  
w as rem o te  from  th e  s ite s  of th e  tra n s fo rm a tio n s  an d  th e  atom re p la c e d , 
a n d  th u s  th e  f lu o r in e  atom its e lf ,  was n o t no rm ally  lo s t in  b io logical 
t r a n s fo rm a tio n s .
T he f i r s t  d isc o v e ry  of C -F  b o n d s  in  n a tu ra l  com pounds was in
th e  iso la tio n  of f lu o ro ac e tic  ac id  (118) from  D ichapeta lum  cym osum
(G ifb laa r)  . F lu o ro a c e ta te  is  tox ic  a n d  an im als fe d  flu o ro a c e tic  ac id
w ere  fo u n d  to  h a v e  a m arked ly  in c re a s e d  c o n c e n tra tio n  of c i tr ic  ac id  in
th e i r  o rg a n s ,  s u g g e s tin g  in te r f e re n c e  in  th e  tr ic a rb o x y lic  ac id  p a th -  
127w ay . A d m in is tra tio n  of f lu o ro ac e tic  ac id  to  k id n e y  h om ogenates
r e s u l t e d  in  th e  p ro d u c tio n  of ( + ) -e ry th ro f lu o ro c it r ic  ac id  (119 ). T he 
s ite  of ac tio n  of f lu o ro c i tra te  was show n to  b e  a t th e  m itochondria l 
m em brane w ith  p o te n tia l  in h ib itio n  of c i t r a te  t r a n s p o r t  a c ro s s  th is  
b a r r i e r . F lu o r in a te d  f a t ty  ac id s  a n d  e s te r s  c o n ta in in g  an  ev en  
n u m b e r of c a rb o n  atom s in  th e  ac id  p o r tio n  a re  know n to  b e  to x ic ,
p o ss ib ly  v ia  d e g ra d a tio n  to  a c e ta te  a n d  f lu o ro a c e ta te . T he  la t te r  is  th e  
u ltim a te  tox ic  p r in c ip le .
A la rg e  n u m b er of s tu d ie s  w ith  fluoroam ino ac id s  a n d  m icro­
o rg an ism s h a v e  b e e n  c a r r ie d  o u t.  M ost b a c te r ia  a re  ab le  to  a d a p t  to
h ig h  le v e ls  of fluoroam ino  ac id s  w ith o u t b e in g  k il le d , a n d  th e  a c id s  can
129b e  in c o rp o ra te d  in to  p ro te in s  b y  a v a r ie ty  of o rg a n ism s. F o r
14in s ta n c e ,  [3 - C ]-g - f lu o ro p h e n y la la n in e  (120) w as tra n s fo rm e d  b y
14 130S c u tte lla r ia  g a le r ic u la ta  in to  [ 2-  C ] -4 '- f lu o ro c h ry s in  (1 2 1 ).
T ry p to p h a n  (122) w as c o n v e r te d  b y  P seudom onas a u re fa c ie n s  in to  th e
a n tib io tic  p y r r o ln i t r in  (1 2 3 ). T he same sp e c ie s  c o n v e r te d  th e  u n n a tu ra l
s u b s t r a te s  6 - f lu o ro try p to p h a n  (124) a n d  7 -m e th y ltry p to p h a n  (125) in to
4 '- f lu o ro p y r ro ln i t r in  (126) a n d  S '-m e th y l-S '-d e c h lo ro p y rro ln itr in  (127)- 
131re s p e c t iv e ly  (Schem e 28).
M etabo lites  iso la te d  from  th e  medium of r e s t in g  ce lls  of a 
P seudom onas s p .  in c u b a te d  w ith  p y flu o ro p h e n y la c e tic  ac id  w ere  R - (+ ) -  
m onofluo rosucc in ic  ac id  (1 2 8 ), t r a n s - 3 -f lu o ro -3 -h e x e n e d io ic  ac id  (1 2 9 ), 
(_ )_ 4 _ c a rb o x y m e th y l-4 -f lu o ro b u ta n o lid e  (130), 4 - f lu o ro -2 -h y d ro x y -
132p h e n y la c e tic  ac id  (131) an d  4 - f lu o ro -3 -h y d ro x y p h e n y la c e tic  ac id  (132)
(Schem e 29 ). On th e  o th e r  h a n d ,  w hen th e  ce lls  w ere  g ro w in g , all th e
o rg a n ic  f lu o rin e  was re le a s e d  in to  th e  c u l tu re  medium as  f lu o rid e  ion .
T he  m etabolism  of th e  an titu m o u r d r u g ,  5 -f lu o ro u ra c il (1 3 3 ),
h a s  b e e n  s tu d ie d  in  v a r io u s  sy s te m s . T h is  com pound is  c o n v e r te d  b y
B ac illu s  s u b til is  in to  5 -f lu o ro u rid in e  (1 3 4 ), b y  B re v ib a c te riu m  am moni-
a g e n e s  to  5 -f lu o ro u rid y lic  ac id  (1 3 5 ), a n d  b y  S tre p to m y c e s  cacaoi
133( v a r .  a so e n s is )  to  5 -flu o ro p o ly o x in s  M (136) a n d  L (137) (Schem e 30).
u OOH
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7 1
C atabo lism  of 5 -flu o ro u rac il w ith  a b o v in e  liv e r  enzym e sy stem
p ro d u c e d  R - 3-am ino- 2 -flu o ro p ro p an o ic  ac id  (138) v ia  o v e ra ll a n t i - ad d itio n
134of h y d ro g e n  to  th e  p y rim id ine  a t  th e  s i- fa c e  of C -5  a n d  6 . T h is  is
th e  same p ro c e s s  as  th e  catabo lism  of u ra c il a n d  thym ine  (1 3 9 ), th e  
135m ethy l a n a lo g u e . T he  s t r u c tu r e  a n d  s te re o c h e m is try  of (138) was
p ro v e d  b y  th e  s y n th e s is  of a s ta b le  d e r iv a tiv e  from  L -s e r in e  (Schem e 31) .
T h e  s y n th e s is  of thym idy lic  ac id  is  b lo c k ed  b y  5 -f lu o ro u ra c il to  cau se
" th y m in e le ss  d ea th "  of ce lls . T h is  is  an  exam ple of " le th a l s y n th e s is " .
T he  re p la c e m e n t of h y d ro g e n  o r h y d ro x y l m oieties b y  a f lu o rin e
atom v e r y  o f te n  a l te r s  th e  b io log ical a c tiv ity  of th e  m olecule. S tu d ie s
u p o n  33- flu o ro v itam in  (1 4 0 ), s y n th e s is e d  from  c h o le s ta -5 ,7 -d ie n e -3 f3 -  
136ol, i l lu s t r a te  th i s .  T he  flu o ro an a lo g u e  w as le s s  a c tiv e  th a n  th e  p a r e n t
v itam in  w ith  r e g a r d  to  in te s tin a l calcium  t r a n s p o r t  a n d  bo n e  calcium  
m obiliza tion . T he  h y d ro g e n  an a lo g u e  on th e  o th e r  h a n d  was to ta lly  
in a c t iv e .
S e v e ra l sim ple fluo ro aro m atic  com pounds h av e  b e e n  in c o rp o ra te d  
to g iv e  an a lo g u e s  of n a tu ra l  p ro d u c ts .  T h is  is  exem plified  b y  th e  u se
137of 4 -f lu o ro p h e n y lth io a c e tic  ac id  as th e  s id e  cha in  fo r a p en ic illin  (1 4 1 ).
As a fina l exam ple of a b e r r a n t  b io s y n th e s is  u s in g  f lu o r in e , th e
fin e  w ork  c a r r ie d  o u t upon  th e  a lk a lo id  n ico tin e  is  w o rth y  of d e s c r ip tio n .
A b e r r a n t  b io s y n th e s is  is  a te rm  u s e d  to  d e sc r ib e  th e  co n v e rs io n  of an
u n n a tu ra l  " p re c u r s o r "  in to  an  u n n a tu ra l  com pound , p re su m a b ly  u s in g
th e  same enzym es a s  th e  norm al b io s y n th e tic  p a th w a y . T h e  feed in g  of
5 -flu o ro n ic o tin ic  ac id  (142) to  N ico tiana  tabacum  y ie ld e d  5 -f lu o ro n ic o tin e  
138(1 4 3 ). T he to b acco  p la n ts  w ere  a p p a re n tly  ab le  to  b u ild  u p  a
r e s is ta n c e  to  th e  f lu o ro a c id , b u t  th e  d o sag e  w as c r i t ic a l .  T h e  u se  of a
7 2
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C la b e l a t  C -5  a n d  6 , a n d  th e  un am b ig u o u s s y n th e s is  of 5 -f lu o ro -
n ic o tin e  co n firm ed  th is  r e s u l t .  L a te r ,  th e  same ac id  (142) w as
in c o rp o ra te d  b y  N ico tiana  g lau ca  in to  5 -f lu o ro a n a b a s in e  (1 4 4 ), a n d
139ag a in  lab e llin g  of C -5  an d  6 was u se fu l to  confirm  th e  f in d in g .
T h e  5 -p o sitio n  w as an  e x c e lle n t p o s itio n  to  s u b s t i tu te  as  th e  h y d ro g e n
a t  th is  p o s itio n  is  in c o rp o ra te d  in ta c t  a n d  is  n o t a p p a re n tly  in v o lv e d  in
an y  m o d ifica tio n s .
As m en tioned  e a r l ie r ,  o th e r  atom s a n d  g ro u p s  a re  s u ita b le  fo r
an a lo g u e  w ork . T he  feed in g  of codeine  d e r iv a tiv e s  to  P a p a v e r  som ni-
fe ru m  ( th e  opium  p o p p y ) le d  to  th e  iso la tion  of a w hole ra n g e  of
140m orph ine  a n a lo g u e s . T he  s y n th e s is  of 1-brom om orphine (145) a n d  
m orph ine  m ethy l e th e r  (146) b y  th is  p o p p y  exem plify  th e s e  e x p e rim e n ts  „ 
A d m in is tra tio n  of 1 ,3 - d im e th y l-1 -p y rro lin iu m  c h lo rid e  to  N ico tiana 
g lu tin o sa  le d  to  th e  p ro d u c tio n  of an  u n n a tu ra l  a lk a lo id , 3 '-m e th y ln ic o tin e  
( 1 4 7 ) .141
All of th e  p re v io u s  exam ples h a v e  in v o lv ed  th e  u s e  of a 
s t r u c tu r a l ly  m odified  form  (A 1) of a well d e fin e d  p r e c u r s o r  (A ) to  
c o n s tr u c t  an  an a lo g u e  (Z 1) of th e  fin a l p ro d u c t  (Z) (Schem e 3 1 ). T he 
u s e  of an  an a lo g u e  can le a d  to  th e  r e ta rd a t io n  of a s t e p , e . g .  fo rm ation  
of D '. T h is  r e ta rd a t io n  may le a d  to  th e  accum ula tion  of C' o r th e  u s e  
of an  a l te rn a t iv e  p a th w a y  to  p ro d u c e  an  in te rm e d ia te  E1, w h ich  will th ro w  
l ig h t  on th e  s t r u c tu r e  of th e  com pounds in  th e  b io s y n th e tic  p a th w a y  .
E v id en ce  fo r  th e  d isc o v e ry  of an  a l te rn a t iv e  p a th w ay  if a
142b lo c k a g e  a r i s e s ,  was fo u n d  in  th e  o x id a tio n  of p h y ta n ic  ac id  (1 4 8 ).
T h e  norm al c o u rse  of e v e n ts  is  (3-oxidation, b u t  th e  (3-position is  now 
b lo c k e d . T h e  re a d in g  fram e now  s h if ts  b y  a o n e -c a rb o n  u n i t  a n d
Rsomniferum
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or o x id a tio n  c o n v e r te d  p h y ta n ic  ac id  in to  2 ,6 ,1 0 ,1 4 -te tra m e th y lp e n ta d e c a -  
noic ac id  (p r is ta n ic  ac id ) w hich can  re a d ily  u n d e rg o  norm al 3 _o x id a t io n ^ ^  
(Schem e 3 2 ). T he  b o n d  e n e rg y  r e le a s e d  in  th e  c leav ag e  of a c a rb o n -  
c a rb o n  b o n d  is  f a r  m ore e ffe c tiv e ly  t r a p p e d  b y  th e  3 - o x id a tio n  p a th w ay  
th a n  b y  th e  a -o x id a tio n  sy s te m . In  R ef sum ’s d ise a se  of th e  n e rv o u s  
sy s te m , th e  c a p a c ity  fo r Oiroxidation is  m issing  a n d  p h y ta n ic  ac id  c a n n o t 
b e  r a p id ly  m e tabo lized  a n d  accu m u la tes  in  th e  t i s s u e .
T he  fo rm ation  of u n n a tu ra l  p ro d u c ts  in  v ivo  sh o u ld  b e  u se fu l 
in  th e  p re p a ra t io n  of an a lo g u es  a n d  th e  s tu d y  of th e  m etabolism  a n d  
in te r r e la t io n s h ip s  of b io log ica lly  a c tiv e  n a tu ra l  p ro d u c ts .
T he  u se  o f sp ec ia lly  la b e lle d  m olecules to  a tte m p t to  s tu d y  th e  
b io s y n th e s is  of p y r ro liz id in e  b a s e s ,  w hich  h av e  n o t b e e n  p re v io u s ly  
in v e s t ig a te d ,  is  d e ta ile d  in  th e  follow ing c h a p te r .  T he  sy n th e tic  
fo rm ation  of an a lo g u es  of a know n p r e c u r s o r  m olecule a n d  th e i r  u se  upo n  
p la n ts  w hich  p ro d u c e  p y rro liz id in e  a lk a lo id s  is  a lso  d e s c r ib e d  in  C h a p te r  
F iv e .
CHAPTER FIVE
IN VESTIGATIONS INTO THE BIOSYNTHESIS OF THE NECINE BASES
5 .1  In tro d u c t io n
T he m ajo rity  of th e  b io sy n th e tic  s tu d ie s  upo n  th e  n ec in e  b a s e s
r e p o r te d  to  d a te ,  h av e  b e e n  c o n c e rn e d  w ith  ( + )- re tro n e c in e  (2 7 ) .
2P re v io u s  w ork  h a d  s u g g e s te d  th a t  1 ,4 -d ia m in o b u ta n e  (p u tre s c in e )  w ould 
b e  a good p r e c u r s o r  fo r ( + )-h e lio tr id in e  (3 ) .  A s e r ie s  of sp ec ifica lly  
la b e lle d  p u tr e s c in e s  was th e re fo re  s y n th e s is e d  b y  know n r o u te s .  T h ese  
m olecules w ere  fe d  to  p la n ts  w hich  p ro d u c e  m o n o e ste rs  of ( + )-h e lio tr id in e  
( 3 ) ,  ( + )- iso re tro n e c a n o l (22) a n d  ( + )-su p in id in e  (2 4 ). An in v e s tig a tio n  
in to  p o ss ib le  la te r  in te rm e d ia te s  in  th e  b io s y n th e s is  of th e  l a t t e r  two 
b a s e s  w as u n d e r ta k e n  b y  e x p e rim e n ts  w ith  1-h y d ro x y m e th y lp y r ro liz id in e s . 
A n a lo g u es  of p u tr e s c in e  w hich co n ta in  a m ethy l g ro u p  o r  a f lu o rin e  atom 
in p lace  of a h y d ro g e n  atom h av e  b een  p r e p a r e d .  T h ese  com pounds 
w ere  fe d  to  v a r io u s  p la n ts  p ro d u c in g  p y rro liz id in e  a lka lo id s a n d  a s tu d y  
w as m ade of th e i r  m etabolism  b y  th e  p la n ts .
25 .2  T he  Use of H -L abelled  M olecules w ith  C ynoglossum  offic inale
25 .2 .1  S y n th e s is  of H -lab e lled  p u tr e s c in e s
T h e  b io s y n th e s is  of th e  p y r ro liz id in e  a lkalo id  r e t r o r s in e  ( 6 8 )
2h a s  b e e n  s tu d ie d  in S enecio  is a t id e u s  p la n ts  u s in g  H -lab e lled  
119 1 2 0p u tr e s c in e s .  ’ C onv in c in g  ev id en ce  fo r th e  fa te  of h y d ro g e n  atom s
in  re tro n e c in e  b io s y n th e s is  was p ro v id e d  b y  th e  u se  of th e se  p r e c u r s o r s
2
in  co n ju n c tio n  w ith  H n . m . r .  s p e c tro s c o p y  on th e  re tro n e c in e  sam ples
77
p ro d u c e d . T h is  av o id s  th e  n eed  to  d e g ra d e  th e  re tro n e c in e  m oiety 
( se e  S ection  4 .2 ) .  S ev e ra l of th e  p u tre s c in e s  u s e d  in th e  above  e x p e r i­
m en ts  w ere  s y n th e s is e d .
2
T he d ih y d ro c h lo r id e  of [ 1 ,1 ,4 ,4 -  H ^ ]p u tre sc in e  (103) w as 
p r e p a r e d  b y  c a ta ly tic  re d u c tio n  of su c c in o n itr ile  u n d e r  an  a tm o sp h e re  of
119d eu te riu m  g a s .  T he so lv e n t u s e d  was d e u te r io a c e tic  acid  a n d  w as
144g e n e ra te d  b y  th e  d e u te r io ly s is  of ace tic  a n h y d r id e .  T he a tm o sp h e re
of d e u te r iu m  g as  w as fo rm ed  in  s i tu  b y  ju d ic io u s  ad d itio n  of d eu te riu m
ox id e  to  a s u sp e n s io n  of lith ium  in p a ra f f in  oil, a n d  th e  gas was d r ie d
b y  p a s s a g e  th ro u g h  silica  gel a n d  p a ra f f in .  T he sa lt of (103) was
f u rn is h e d  b y  ac id ific a tio n  of th e  p ro d u c t w ith  h y d ro c h lo r ic  ac id  (Schem e
33). In sp e c tio n  of th e  n . m . r .  a n d  th e  m ass s p e c tr a  of th is  m a te ria l
in d ic a te d  th a t  th e  p u tre s c in e  (103) p ro d u c e d  b y  th is  m ethod  c o n ta in e d  
2
o v e r  95% of a sp e c ie s .
2
[2 , 2 ,3 , 3- H ^ ]P u tre sc in e  (104) was s y n th e s is e d  as  th e  d ih y d ro ­
c h lo rid e  s a lt  a f te r  e x c h a n g in g  th e  h y d ro g e n s  of su c c in o n itr ile  fo r
119d e u te riu m  b y  h e a tin g  in  d eu te riu m  o x id e . T h is  p ro c e s s  was re p e a te d
th r ic e  to  e n s u re  a h ig h  in c o rp o ra tio n  of d e u te r iu m . C a ta ly tic  h y d ro g e n -  
a tio n  of th e  [ 2 ,2 ,3 ,3 -  H ^ ]su c c in o n itr i le  (149) w ith  th e  A dam s' c a ta ly s t  
g av e  (1 0 4 ), a n d  ac id ific a tio n  w ith  h y d ro c h lo r ic  ac id  p ro d u c e d  th e  sa lt 
(Schem e 34), T he  c o n te n t of b o th  (104) a n d  (149) w as o v e r 99% of
2 oa sp e c ie s .
2
T he d ih y d ro c h lo r id e  s a l t  of [ 1* 1— H ^ jp u tre s c in e  (1 5 0 ), w hich  
w as n o t u s e d  in  th e  in v e s tig a tio n  of r e tro n e c in e ,  w as s y n th e s is e d  v ia  
4 -p h th a lim id o b u ta n e n itr i le  (1 5 1 ). R eac tion  of N_-( 3 -b ro m o p ro p y l)p h th a l-  
im ide w ith  sodium  cy an id e  in  d ry  d im e th y lsu lp h o x id e  (DMSO) p ro v id e d
OH
(3) R1 = H,R2 = OH 
(27) R1=OH,R2=H
NC(CH2)2CN ► H2NCD2CH2CH2CD2NH2 
(103)
Scheme 33 
Reagents-.i.Pt02 (CH3C 02D,D2.
NC(CH2)2CN ► NC(CD2)2CN 
(U 9)
H2NCH2CD2GD2CH2NH2
( 10^ )
Scheme 3£ 
Reagents:i.D20 ,A;ii.Pt0 2;CH3C0 2H,H2 •
0
0
0
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ii.-iii.
H2NCD2(CH2)3NH2
(150)
Scheme 35
Reagents:i.NaCNyDMS0/A ;ii.P t0 2,CH3C 02D/ D2; 
iii.HCI,H2OyA .
(151) . C a ta ly tic  re d u c tio n  of n it r i le  ( 151) u n d e r  an  atm osphere of
d e u te r iu m  in d e u te r io a c e tic  ac id  was follow ed b y  ac id  h y d ro ly s is  to
g iv e  p u tr e s c in e  (150) as  th e  d ih y d ro c h lo r id e  s a l t .  T he  s a lt  was
2
es tim a te d  to  co n ta in  o v e r 90% sp e c ie s . T h is  com pound (150) h a s
145b e e n  p r e p a r e d  p re v io u s ly  b y  C a lle ry  e t a l.
With a view  to e s ta b lish in g  th e  s te re o c h e m is try  of some of th e
enzym ic p ro c e s s e s  in v o lv ed  in th e  b io s y n th e s is ,  fo u r  s te re o sp e c if ic a lly
m o n o d e u te ria te d  p u tr e s c in e s  [(105) -  ( 108)] w ere  s y n th e s iz e d .
2 2R - [ l -  a n d  S - [ l -  H ^ ]p u tre sc in e s  [(105) a n d  (106) re s p e c tiv e ly ]  w ere
made b y  know n ro u te s  .
P u tre s c in e  (105) w as p r e p a re d  b y  d e c a rb o x y la tio n  of L -o rn ith in e
2in  H 2O u s in g  L y o rn ith in e  d e c a rb o x y la se  (E . C . 4. 1 .1 .1 7 ) . S im ilar
2
d e c a rb o x y la tio n  of D L -[ 2- H -^]orn ith ine in H^O y ie ld e d  (105) an d  u n c h a n g e d
2 2 D y[2- H^] o rn ith in e , which w ere s e p a ra te d .  T he  c o n te n t of each
p u tre s c in e  sam ple was e s tim a ted  to b e  o v er 90%. T h e  m ore ch a llen g in g
s y n th e s is  of R - [2 -^ H ^ ] -  an d  S -[  2 -^ H ^ ]p u tre sc in e s  [(107) a n d  (108)
120re s p e c t iv e ly ]  w ere c a r r ie d  o u t b y  m odifica tions to a know n ro u te  an d
fu ll c h a ra c te r is a t io n  of th e  iso lab le  in te rm e d ia te s  „ T he  ro u te  does n o t
in v o lv e  an y  enzym ic re a c tio n s  an d  seem s to  b e  h ig h ly  e n a n tio se le c tiv e .
T h e  c h ira l s ta r t in g  m a te ria l fo r  th e  s y n th e s is  of (107) was S -a s p a r t ic  a c id ,
a n d  w as c o n v e r te d  in to  S -c h lo ro b u ta n e d io ic  ac id  (152) (Schem e 36) . T he
tra n s fo rm a tio n  o c c u r re d  w ith  re te n tio n  of c o n f ig u ra tio n , a n d  r e q u ir e d
147c o n c e n tra te d  h y d ro c h lo r ic  a n d  n it r ic  ac id s  in  th e  p re s e n c e  of u r e a .
T he  ac id  (152) w as c o n v e r te d  in to  d im ethy l S -c h lo ro b u ta n e d io a te  (153) , 
a n d  re d u c tio n  w ith  d iisobu ty la lum in ium  h y d r id e  (DIBAL) in  to lu en e  
a f fo rd e d  S - 2 - c h lo r o b u ta n e - l ,4 -d io l (1 5 4 ). R ed u c tio n  of th e  ch lo rod io l
H 2 N (C H 2 )3 N^2
R1 R2
(105) R =DjR =H
(106) R1 = H,R2=D
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Scheme 36
Reagents:i.c.HCI,c.HN03,H2NC0NH2 > A;ii.CH3OH,SOCL,
-10oC iiii.D IBAL;C6H5CH3,N2J-30°C/ iv.LiA:iH4'
THF, 0° C, A r ; v. c. H ,  S O* ,c .H B r;-10°C-^+100°C, 
vi.NaN3,DMS0,-5 C,vii.LiAIH4 ,THF,N2,r.t.; 
viii.Na2Cr20 7,2M H2S04 ,-10°C;ix.Ac20,A .
(154) w ith  lith ium  alum inium  d e u te r id e  in tro d u c e d  one d eu te riu m  atom an d
2
r e s u l te d  in  in v e rs io n  of c o n fig u ra tio n  to  p ro v id e  R - [2 -  H b u ta n e - 1, 4-diol 
2(1 5 5 ). T h e  c o n te n t of th is  d e u te rio d io l (155) was c h e c k e d  b y  ox id a tio n  
2to  R - [2 -  H ^ ]b u ta n ed io ic  (su c c in ic )  ac id  (156) w ith  sodium  d ich rom ate  an d  
2
fo rm ation  of R - [2 -  H ^ jb u ta n e d io ic  a n h y d r id e  (157 ). T he m ass sp ec tru m  of
(157) w as c h e c k e d  a g a in s t th a t  of u n d e u te r ia te d  su cc in ic  a n h y d r id e  a n d
2 2 th is  r e v e a le d  a H-  ^ c o n te n t of g r e a te r  th a n  95%. Form ation  of R - [2 -
1 ,4 -d ib ro m o b u tan e  (158) was b ro u g h t  ab o u t by  tre a tm e n t of d e u te r io ­
diol (155) w ith  c o n c e n tra te d  h y d ro b ro m ic  a n d  su lp h u r ic  a c id s , an d
2
re a c tio n  w ith  sodium  az ide  in DMSO form ed  R - [2 -  H ^ ] - l ,  4 -d ia z o b u ta n e .
T h is  in te rm e d ia te  was n o t iso la te d , b u t  was im m ediately  re d u c e d  w ith  .
2
lith ium  alum inium  h y d r id e  to fu rn is h  R - [2 -  H -^]pu tresc ine  (1 0 7 ). T he
sa lt  w as fo rm ed  b y  p a s s in g  d ry  h y d ro g e n  ch lo rid e  gas th ro u g h  th e
so lu tio n  of th e  diam ine (107) in TH F. S y n th e s is  of th e  d ih y d ro -
2
c h lo rid e  s a lt  of S - [2 -  H ^ Jp u tre sc in e  (108) was e f fe c te d  b y  th e
an a lo g o u s  s e r ie s  of re a c tio n s  p e rfo rm e d  u pon  R -a s p a r t ic  ac id  an d
s u b s e q u e n t in te rm e d ia te s  [( 159) -  ( 162) an d  (165)] (Schem e 37). In  
120th e  o rig in a l w o rk , th e  sam ple of (108) was co n tam in a ted  w ith  some 
2[ 1 ,1 ,2 -  H ^ jp u tre s c in e  d ih y d ro c h lo r id e  due to  incom plete  re d u c tio n  of
d im ethy l R -c h lo ro b u ta n e d io a te  (1 6 0 ). R ed u c tio n  of th e  u n re a c te d
c h lo ro d ie s te r  (160) w ith  lith ium  alum inium  d e u te r id e  le d  to th e  p ro d u c t-  
2ion of [ 1 ,1 ,2 -  H ^]bu tane-1 ,4 -d io l  . T h is  o v e r -d e u te r ia te d  diol was
2
e v e n tu a lly  c o n v e r te d  in to  [1 ,1 ,2 -  H ^ ]p u tre sc in e  d ih y d ro c h lo r id e . T he 
p rob lem  was overcom e b y  a m odification  to th e  w o rk -u p  p ro c e d u re  w hich 
le d  to  a 96% y ie ld  of (154) a n d  a 95% y ie ld  of (1 6 1 ), as co m p ared  to  
45% in th e  o rig in a l p a p e r .  S e v e ra l o th e r  m inor c h a n g e s  le d  to
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Reagents-.as in Scheme 36.
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im provem en ts  in  th e  r e p o r te d  y ie ld s  of se v e ra l of th e  s te p s .
2
C o n v e rs io n  of d eu te rio d io l (162) in to  S - [2 -  H ^ ]b u ta n ed io ic  ac id  (163)
2 2 a n d  S y [2 - H ^Jb u tan e d io ic  a n h y d r id e  (164), re v e a le d  a c o n te n t of
o v e r  95%.
2
5 .2 .2  F eed in g  of H -lab e lled  p u tr e s c in e s
A s m en tioned  e a r l ie r  (S ection  3 .2 ) ,  an in v e s tig a tio n  of
locally  grow n C ynoglossum  offic ina le  re v e a le d  th e  p re s e n c e  of
( + )-e c h in a tin e  (6 2 ) . I t  w as in te n d e d  to  s tu d y  th e  b io s y n th e s is  of
2( + )-h e lio tr id in e  (3) b y  feed in g  th e  sp ec ifica lly  H -lab e lled  com pounds 
[(103) -  (108) a n d  (150)] to  th is  sp e c ie s  an d  an a ly s in g  th e  sam ples of 
(+ ) -e c h in a tin e  p ro d u c e d  in each  e x p e rim e n t.
A c c o rd in g ly , a m e a su re d  q u a n tity  of each  of th e s e  p u t r e s c ­
in e s ,  a s  th e i r  d ih y d ro c h lo r id e  s a l t s ,  was m ixed w ith  a know n q u a n tity
14of a ra d io a c tiv e  t r a c e r ,  [1 ,4 -  C ]p u tr e s c in e  (166) d ih y d ro c h lo r id e ,
a n d  th is  m ix tu re  was fe d  to  a b a tc h  of C ynoglossum  o ffic inale  b y  th e
xylem  p r ic k in g  m e thod . T h is  m ethod in v o lv es  th e  a b so rp tio n  of a
s te r i le ,  aq u e o u s  so lu tio n  of th e  s a lt  th ro u g h  a p u n c tu re  m ade in  th e
stem  of th e  p la n t  o v e r  a p e r io d  of five  a l te rn a te  d a y s . A f te r  two
m ore w eek s , th e  p la n ts  w ere h a rv e s te d  an d  e x t r a c te d  to  y ie ld  sam ples
of ( + ) -e c h in a tin e .
S c in tilla tio n  c o u n tin g  show ed  th e  spec ific  in c o rp o ra tio n s  of
p u tre s c in e  to  b e  below  0.5% p e r  C ^ -u n it of th e  b ase  p o rtio n  in e v e ry  
14c a se . Specific  C in c o rp o ra tio n  p e r  C ^ -u n it fo r a p u tr e s c in e
m olecule is  c a lc u la te d  from [(m o lar a c tiv ity  of e c h in a tin e  x  1 / 2 ) /
2
(m olar a c t iv ity  of p r e c u r s o r ) ]  x  100%. T he H n .m . r .  s p e c tr a  also
show ed  e v id en ce  of th e  d is a p p o in tin g ly  low in c o rp o ra tio n s .  U sually  
no s ig n a ls  w ere  e v id e n t ,  a n d  w hen some w ere o b ta in e d  th e re  was 
g e n e ra lly  no  c o rre sp o n d e n c e  w ith  an y  s ig n a ls  in th e  n .m . r .  
sp e c tru m  of ( + )-e c h in a tin e  (F ig u re  2 ). T he  in c o rp o ra tio n s  w ere as 
low a s  0.1% p e r  C ^ -u n it in  some e x p e rim e n ts . T h e se  f in d in g s  m igh t 
be  a t t r ib u te d  to  a wide v a r ie ty  of fa c to rs  -  th e  po o r sum m er, feed in g  
te c h n iq u e , a n d  time of fe e d in g .
T he  c o n d itio n s  of feed in g  w ere v a r ie d  o v e r th e  two 
s u b s e q u e n t sum m ers, b u t  th e  same low m ag n itu d e  of sp ec ific  in c o rp o r­
a tio n s  p e r  C ^ -u n it  a lw ays r e s u l te d .  T he  same sp ec ie s  of p la n t h a d  
b een  u s e d  in  p re v io u s  e x p e rim e n ts  b y  o th e r  w o rk e rs , who also
r e p o r te d  low in c o rp o ra tio n s .  C ro u t o b s e rv e d  in c o rp o ra tio n s  of 0.25%
1 2 2  123 a n d  0.21% fo r  v a lin e  a n d  iso le u c in e  fe e d in g s  to C ynoglossum
o ff ic in a le , w h ils t McGaw a n d  Woolley o b ta in e d  an  in c o rp o ra tio n  of 0.86% 
124fo r  tig lic  a c id . All th r e e  e x p e rim e n ts  u s e d  ra d io a c tiv e ly  lab e lled
a c id s .
E ach of o u r  feed in g  e x p e rim e n ts  show ed th a t  p u tre s c in e  w as 
a sp ec ific  p r e c u r s o r  fo r ( + )-h e lio tr id in e  (3 ) ,  as  in  each  case  th e  
a lk a lo id  w as h y d ro ly s e d  a s  p re v io u s ly  (S ec tio n  3 .2 ) ,  a n d  th e  b a s e  
p o rtio n  (3) c o n ta in e d  m ost of th e  ra d io a c tiv e  lab e l (> 95%).
135. 3 T h e  Use of C -L ab e lled  M olecules w ith  C ynoglossum  
o ffic in a le
135 .3 .1  S y n th e s is  of C -la b e lle d  p u tre s c in e s
13T he feed in g  of m olecules la b e lle d  w ith  C h a s  th e  sam e 
2
a d v a n ta g e s  a s  th e  u se  of H -lab e lled  com pounds. T he  n u m b er of
chem ical m an ip u la tio n s  r e q u ir e d  to  com plete th e  a n a ly s is  a f te r  th e
iso la tio n  of th e  m etabo lite  is  r e d u c e d  as  th e  n e e d  fo r d e g ra d a tio n  to
iso la te  sp ec if ic  p a r t s  of th e  m olecule is  e lim in a ted . T h is  is n o t th e
ca se  w ith  ra d io a c tiv e  p r e c u r s o r s ,  w h ere  d e g ra d a tio n s  a re  time
consum ing  an d  may p ro d u c e  e r r o r s .
13A c c o rd in g ly , two C -la b e lle d  p u tr e s c in e s  w ere  s y n th e s is e d  
108b y  know n m ethods a n d  fe d  to  C ynoglossum  o ff ic in a le . T he
13d ih y d ro c h lo r id e  of [1 - C J p u tre s c in e  (167) w as p r e p a r e d  b y  tre a tm e n t
13of N -( 3 -b ro m o p ro p y l)p h th a lim id e  w ith  sodium  [1 - C Jcy an id e  to
p ro v id e  4 -p h th a lim id o b u tan e  n i t r i le ,  w hich w as r e d u c e d  u n d e r  an
a tm o sp h e re  of h y d ro g e n  a n d  th e  p ro d u c t  w as h y d ro ly s e d  w ith  aq u eo u s
13h y d ro c h lo r ic  ac id  (Schem e 38), [2 ,3 -  C 2 JP u tre s c in e  (168) d ih y d ro -
13c h lo rid e  was s y n th e s is e d  from  1 , 2 -d ib ro m o -[ 1 , 2-  C 2 J - e th a n e  by
13tre a tm e n t w ith  p o ta ss iu m  c y a n id e , re d u c tio n  of th e  r e s u l ta n t  [2 ,3 -  C 2 ]
s u c c in o n itr i le ,  a n d  c o n v e rs io n  in to  th e  d ih y d ro c h lo r id e  s a lt  (Schem e 39)
135 .3 .2  F eed in g  of C -la b e lle d  p u tr e s c in e s
13A know n am ount of [1 - C J p u tre s c in e  (167) d ih y d ro c h lo r id e
14w as 's p ik e d ' b y  th e  a d d itio n  of [1 ,4 -  C J p u tre s c in e  (166) d ih y d ro ­
c h lo r id e . P u lse d  feed in g  of a s te r i le  a q u e o u s  so lu tion  of th is  m ix tu re
0N (CH2)3Br -id iU .H 2N(CH2)33CH2NH2
(167)
Scheme 38
Reagents:i.Na13CN,DMS0 ,A;jiH2,Pt0 2,CH3C0 2H;
iii.dil.HCKaq.).
Br(13CH2)2Br — ^ ------► H2NCH2(13CH2)2CH2NH2
(168)
Scheme 39 
Reagents-.i.KCN,DMS0lAiii.H2lP t0 2 ,CH3C 02H.
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in to  th e  xy lem s of y o u n g  C ynoglossum  o ffic inale  p la n ts ,  follow ed b y
h a rv e s t in g  a n d  m ethanolic e x tra c tio n  le d  to  th e  iso la tion  of a sam ple
of (+ )-e c h in a tin e  (6 2 ). T he 50 MHz n .m . r .  sp e c tru m  of
th is  a lka lo id  (F ig u re  7) w as com pared  w ith  th a t  of th e  n a tu ra l  m ateria l
r u n  u n d e r  th e  same co n d itio n s  (F ig u re  8 ) . T he fo u r  e n h a n c e d  s ig n a ls
o b s e rv a b le  c o rre s p o n d e d  to C -3 , C -5 , C - 8  a n d  C -9  of ( + ) -e c h in a t in e ,(*)»
w ith  e n ric h m e n t fa c to rs  fo r each  p o sitio n  of 1 .18 , 0 .7 8 , 0 .76 a n d  0.78%
13(± 0.12%) C re s p e c t iv e ly .  T he en ric h m en t fa c to r  fo r  each  la b e lle d
13s ite  in  (+ ) -e c h in a tin e  (62) is  th e  e x c e ss  of C above n a tu ra l  a b u n d a n c e
a n d  is  c a lc u la te d  a s  [ ( in te g ra l of la b e lle d  s i te -n a tu r a l  a b u n d a n c e
in te g ra l)  / (n a tu ra l  a b u n d a n c e  in te g ra l) ]  x  1.1%. T he  a v e ra g e  e n r ic h -
13m ent fa c to r  fo r each  la b e lle d  s ite  was 0.88% C , a n d  th e  e s tim a ted  
13C sp ec ific  in c o rp o ra tio n  was 1.93% p e r  C ^ -u n it of p u tr e s c in e
[1.93% = 0 . 8 8  x  2/91 x  1 0 0 %, w h ere  91/2 atom % was th e  a v e ra g e
en ric h m e n t a t  each  la b e lle d  p o s itio n  of p u tre s c in e  (1 6 7 )] .
13T he d ih y d ro c h lo r id e  of [2 ,3 -  C p u t r e s c i n e  (168) w as fed
14to  y o u n g  C ynog lossum  o ffic ina le  p la n ts .  A re la tiv e ly  low C sp ec ific
in c o rp o ra tio n  of 0.27% p e r  C ^ -u n it w as o b ta in e d  in (+ )-e c h in a tin e .
13 1T he C -{  H} n . m . r .  sp e c tru m  of th e  a lka lo id  in  d eu te rio ch lo ro fo rm
(CDC&g) was d is a p p o in tin g . T he id e n tif ic a tio n  b y  o b se rv a tio n  of 
13 13C - C d o u b le ts  was h am p ered  b y  th e  no ise  p r e s e n t  on th e  b a se lin e , 
a n d  th e  e x p e c te d  d o u b le ts  w ere n o t e v id e n t. In  b o th  th is  e x p e rim e n t 
a n d  in  th e  p re v io u s  c a s e , a lk a lin e  h y d ro ly s is  of th e  a lka lo id  to  p ro d u c e  
(+ ) -h e lio tr id in e  ( 3 ) co n firm ed  th a t  th e  ra d io a c tiv e  labe l w as 
alm ost e x c lu s iv e ly  lo c a te d  in th e  b a s e  p o rtio n  (> 94%).
Figure 7
50MHz 13C-{1h} n.mr. spectrum of (+)-Echinatine 
derived from [1-13C]putrescine (167)
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Figure 8
50MHz 13C -{1H } n.m.r spectrum of W-Echinatine (62)
5 .4  In v e s tig a tio n s  in to  th e  B io sy n th e s is  of 8 g-N ecine  B ases
5 .4 .1  In tro d u c tio n
T he o c c u rre n c e  of a w ide v a r ie ty  of p y rro liz id in e  a lk a lo id s  
1 2is  well d o c u m en ted . ’ O v er 200 s t r u c tu r e s  a re  kn o w n , b u t  of th e s e ,
on ly  a b o u t 25 h av e  th e  h y d ro g e n  atom a t  C - 8  in th e  ^“c o n f ig u ra tio n .
F u r th e rm o re , on ly  one of th e se  8 8 -a lk a lo id s  is  a m acrocyclic d ie s te r ,  
148h a s ta c in e  (1 6 9 ), w hile th e  re m a in d e r a re  C -9  m o n o e ste rs , s u c h  as
148 149m acro p h y llin e  (170) an d  p la n ch o n e llin e  (1 7 1 ). A t th e  p r e s e n t
tim e, no  w ork  u p o n  th e  b io s y n th e s is  of an y  8 8 “b a se s  h a s  b een
p u b lis h e d . T he in v e s t ig a tio n  of C ynog lossum  a u s tr a le  ( R .B r . )  b y
150C u lv e n o r a n d  S m ith , le d  to  th e  d isc o v e ry  of two m o n o este rs  of 
8 8 “b a s e s .  T h is  sp e c ie s  w as ch o sen  fo r  o u r in v e s tig a tio n .
5 .4 .2  Iso la tio n  of ( + )~ C ynaustra line  a n d  ( + )-C y n au stin e
C ynog lossum  a u s tr a le  w ere grow n locally  from  seed s  k in d ly  
p ro v id e d  b y  D r. C .C .J .  C u lv e n o r of th e  C . S . I .R . O . ,  M elbourne, 
V ic to ria , A u s tra l ia .  H a rv e s tin g  of th e  p la n ts  a n d  m ethanolic e x t r a c t ­
ion re v e a le d  th e  p re s e n c e  of two a lk a lo id s . T he a lka lo id  w ith  h ig h e r
Rf (0 .3 5 ) s ta in e d  in  th e  m anner of a 1 ,2 -u n s a tu ra te d  p y rro liz id in e
94w ith  o -c h lo ra n il a n d  E h r l ic h 's  r e a g e n t ,  b u t  th e  a lka lo id  w ith  low er
R^ (0 .3 2 ) gav e  a d if fe re n t  co lour w hen t r e a te d  w ith  o -c h lo ra n il.
150T h is  w as e x p e c te d  from  th e  f in d in g s  of C u lv e n o r a n d  S m ith , who 
re p o r te d  th e  iso la tio n  of ( + ) -c y n a u s tra lin e  (172) a n d  ( + ) -c y n a u s tin e  
(1 7 3 ), th e  C -9  ( - ) - v i r id i f lo r y l  e s te r s  of (+ )- iso re tro n e c a n o l (22) a n d  
(+ ) -s u p in id in e  (2 4 ) , r e s p e c t iv e ly .  T he  n u m b e r of know n p y r ro liz i-
N 
(169)
(170)R1= O H , R 2= C O ^ H 3
CH3 H
(171) R1=H, R2= CO H
H SCH
d ine  a lk a lo id s  c o n ta in in g  (+ )- iso re tro n e c a n o l is  in  s in g le  f ig u re s  a n d  
(+) - c y n a u s t in e  (173) is  th e  only  a lka lo id  know n to  co n ta in  (+ ) - s u p in i-  
d in e .
Colum n ch ro m a to g ra p h y  on b a s ic  alum ina e v e n tu a lly  s e p a ra te d
th e s e  tw o sim ilar p y rro liz id in e  m o n o e s te rs . A n a ly s is  of th e  m ore
p o la r  a lka lo id  (R^ 0 .32) show ed  th a t  i t  w as a s a tu r a te d  p y rro liz id in e
m o n o este r a n d  sp e c tro sc o p ic  d a ta  w ere in  a g ree m en t w ith  l i te r a tu r e
v a l u e s f o r  (1 7 2 ). T he le s s  p o la r a lka lo id  (R^ 0.35) w as
150id e n tic a l w ith  (+ )-c y n a u s t in e  (1 7 3 ). F inal conform ation  of th e
s t r u c t u r e s  a n d  s te re o c h e m is try  of (172) a n d  (173) was p ro v id e d  b y  
a lk a lin e  h y d ro ly s is  of sam ples of th e  two a lk a lo id s  to  (+ )- is o r e t r o n e ­
canol (22) from  (1 7 2 ), a n d  to ( + ) -su p in id in e  (24) from  (173 ).
150 151A n a ly s is  of th e  b a s e s  a g re e d  w ith  th a t  of p re v io u s  w o rk e rs . ’
H aving  co n firm ed  C ynoglossum  a u s tr a le  a s  a so u rce  of th e se  two 
u n u s u a l 8 8 - b a s e s ,  an  in v e s tig a tio n  in to  th e i r  b io s y n th e s is  was u n d e r ­
ta k e n .
2
5 .4 .3 .  F eed in g  of H -lab e lled  p u tr e s c in e s
T he m olecules ch o sen  fo r  an  in v e s tig a tio n  of th e  b io s y n th e s is
2
of (+ ) - is o re tro n e c a n o l (22) a n d  ( + ) -s u p in id in e  (2 4 ) , w ere th e  H- 
la b e lle d  p u tr e s c in e s  [(103) -  (1 0 5 ), (107 ), (1 0 8 ), a n d  (150)] 
s y n th e s is e d  e a r l ie r  (S ec tio n  5 .2 .1 ) .  T h ese  sp ec ifica lly  lab e lle d  
com pounds w ere  fe d  to  b a tc h e s  of y o u n g  C ynog lossum  a u s tr a le  p la n ts  
a s  a m ix tu re  of th e i r  d ih y d ro c h lo r id e  s a l ts  a n d  a know n q u a n ti ty  of a 
ra d io a c tiv e  t r a c e r  (1 6 6 ). T he com pounds w ere fe d  b y  p u ls e - fe e d in g  
on f iv e  a l te rn a te  d a y s  in to  th e  xy lem s of th e  p la n ts .  A f te r  a f u r th e r
(172) R=CO
I
HO— i— CH(CH3)2 
H O - U h
6 h 3
(22)R=H
OR
(24) R = H
HO'
HO
CH(CH3)2
H
CH
H2NC3H2CH2CH2C3H2NH2
(174)
O > - - 0H
(175)
p e r io d  of tw o w e e k s , th e  p la n ts  w ere  h a rv e s te d  a n d  th e  a lka lo id
m ix tu re  was iso la te d  b y  m ethanolic e x t r a c t io n . Column c h ro m a to g ra p h y
on b a s ic  alum ina w ith  in c re a s in g  p ro p o r tio n s  of m ethanol in  d ic h lo ro -
m e th an e  of each  of th e  m ix tu re s , p ro v id e d  sam ples of ( + ) -c y n a u s tra lin e
(172) a n d  (+ ) -c y n a u s tin e  (1 7 3 ). A s w ith  th e  e x p e rim e n ts  upo n
14C ynog lossum  offic ina le  (S ec tion  5 . 2 . 2 . ) ,  th e  in c o rp o ra tio n s  of C as
d e te c te d  b y  sc in tilla tio n  c o u n tin g  of ra d io a c tiv e  so lu tio n s , w ere
d is a p p o in tin g ly  low (g e n e ra lly  ca . 0.1% p e r  C ^ -u n it)  . T he  31 MHz 
2
H n . m . r .  s p e c tr a  o b ta in ed  w ere  in c o n c lu s iv e . T he  e x p e rim e n ts  w ere  
re p e a te d  th e  follow ing sum m er, b u t  th e  sam e r e s u l t s  w ere o b ta in e d . 
A lkaline h y d ro ly s is  of th e  a lk a lo id s  p ro v e d  th a t  th e  ra d io a c tiv ity  
p r e s e n t  was lo c a te d  p red o m in an tly  in th e  8 3 -b ase  p o rtio n  (> 95%).
3
5 . 4 . 4  F eed in g  of H -lab e lled  m olecules
2
A longside  th e  u se  of H -lab e lled  p r e c u r s o r s  d e ta ile d
3
p re v io u s ly ,  i t  w as d ec id ed  to u se  ra d io a c tiv e  H la b e ls  to  in v e s t ig a te
th e  b io s y n th e s is  of th e  two 83_b a s e s  p r e s e n t  in  C ynoglossum  a u s t r a l e .
3
P u tre s c in e  la b e lle d  w ith  tr i tiu m  ( H , T ) (174) w as fe d  as i t s  d ih y d ro ­
c h lo rid e  to  a b a tc h  of y o u n g  p la n ts  b y  th e  w ick m ethod . T h is  m ethod  
in v o lv e s  th e  th re a d in g  of th e  stem  of th e  p la n t  a n d  im m ersion of th e
e n d s  of th e  th r e a d  in  a v ia l co n ta in in g  a s te r i le  aq u eo u s  so lu tion  of 
3
[1 ,4 -  H ]p u tre s c in e  (174) d ih y d ro c h lo r id e . A good in c o rp o ra tio n  
(> 1 %) in to  each  a lk a lo id  w as o b ta in e d , a n d  a f te r  s e p a ra tio n  a n d  
s u b s e q u e n t  h y d ro ly s is ,  ra d io a c tiv e  sam ples of th e  two 1 -h y d ro x y m e th y l 
p y r ro liz id in e s  w ere  o b ta in e d  (Schem e 40) .  E ach of th e s e  83~ bases 
w as fe d  in  tu r n  to  d if fe re n t  b a tc h e s  of y o u n g  C ynog lossum  a u s tr a le
T
(174)
T- 172)
T - 22)
T - 173)
OH
T-(24)
T - (173) T-(172) T-(173)
Scheme 40
Procedures^.Feed to C.australe ;iLMethanolic
extraction;iii. Separation;iv Ba(0H)2,H20;
3 14
A;v.Add (166) and measure H: C ratio.
9b
o
L—' 
O
c r
ovT
" 'xCO
Is
ol
at
ed
12 
5 
11
0 
<1 <1 7-
8
Fe
d
11
7 
11
-7 
11
7
7-
6 7-
6
%
In
co
rp
.
CJvj* 1-2 U 2-
5 1-2 10
X
CO 1-
3 1-2 <0
-1
<0
-1 11
C
om
po
un
d
Is
ol
at
ed ON PO D  
O ' O ' O '
T  i “  
1— 1— *—
ON 00 
O:
T  i
h- l—
CL
X
LU
an O
A
ct
iv
ity
(p
C
i)
ON r— '>J‘ f \ | 
Lf) ON 00 ’T--
C
om
po
un
d
Is
ol
at
ed ON 00 OJ N  
O ' O ' (NJ on
T  i i 1 
1— 1— 1— 1—
-4—
CL
X
LU
<
---------------------------------------------
D
CD
< ro-
CD
C
u
CO
CD
^  <£> 
ON CD 
ON ZZ
rr \oc
o
u
CDco
CD . b
D  O
Q .
I l
X  X
co co
^ r
ON
CDc
i g
’c
Cl
=>
CO
I
Xco
ID
0 )
_Qa
h -
CD CD CD
. £  c  
"O T3 "U
CD CD CD
CD CD CD
L L  X
II H II
<  C D O
“EL CL Q-
X X X
UJ ULi LU
p la n ts  a s  an  aq u eo u s  so lu tion  m ixed w ith  a know n q u a n t ity  of
14 3 14[1 ,4 -  C ]p u tr e s c in e  (166) d ih y d ro c h lo r id e . T he ra t io s  of H: C
w ere  m e a su re d  b e fo re  feed in g  of th e  m ix tu re s , a n d  a f te r  iso la tion  a n d
se p a ra tio n  of th e  a lk a lo id s . T h ese  ra tio s  a n d  th e  in c o rp o ra tio n s  a re
su m m arised  in  T ab le  5. T he r e s u l t s  s u g g e s t  th a t  (+ )- is o re tro n e c a n o l
(22) is  a p r e c u r s o r  fo r  b o th  a lk a lo id s  (172) a n d  (1 7 3 ), b u t  (+ ) - s u p in -
id in e  (24) is  on ly  in c o rp o ra te d  in to  (+ )-c y n a u s t in e  (1 7 3 ). T h is  is
c o n s is te n t  w ith  th e  fo rm ation  of su p in id in e  v ia  iso re tro n e c a n o l, w hich
a g re e s  w ith  e a r l ie r  co n c lu sio n s  (S ec tio n  4 .2 ) .  A m ix tu re  of t r i t i a te d
14(+ )- is o re tro n e c a n o l ( 2 2 ) a n d  [1 ,4 -  C J p u tre s c in e  (166) d ih y d ro c h lo r id e
w as fe d  to  Senecio  p le is to c e p h a lu s , w hich  p ro d u c e s  ( - ) - ro s m a r in in e  
152(1 7 5 ). T he  p u tre s c in e  (166) w as in c o rp o ra te d  e ff ic ie n tly  in to  th e
s a tu r a te d  m acro cy c le , b u t  no  in c o rp o ra tio n  of th e  8 $ -b a se  ( 2 2 ) in to  
th e  8 a -a lk a lo id  (175) w as d e te c te d  b y  sc in tilla tio n  c o u n tin g . T h is  
show ed  th a t  th e  8 $ -b a se  can n o t b e  ep im erized  to  th e  8 a -c o n fig u ra tio n  
in S enecio  p le is to c e p h a lu s  a n d  in c o rp o ra te d  in to  ro sm a rin in e , p o ss ib ly  
v ia  an  immonium io n .
5. 5 S y n th e s is  a n d  F eed in g  of 2 -M e th y lp u tre sc in e s
5 .5 .1  In tro d u c t io n
In an  e f fo r t  to  s tu d y  f u r th e r  th e  b io s y n th e s is  of p y r ro l iz i­
d ine  a lk a lo id s , s u b s t i tu te d  p u tr e s c in e s  w ere ch osen  as  t a r g e t s  fo r
fe e d in g  to  p la n ts  p ro d u c in g  th e s e  a lk a lo id s . T he v an  d e r  Waals
o
ra d iu s  of a m ethy l g ro u p  (2 .0 A ) is  n o t too d iss im ila r from  th a t  of a
o
h y d ro g e n  atom (1 .2A ) (T a b le  4 ) , a n d  i t  w as o u r  hope  th a t  th e  enzym es 
in v o lv e d  w ould  n o t b e  ab le  to  d if fe re n tia te  b e tw een  norm al p u tre s c in e
a n d  2 -m e th y l an a lo g u es  in  m ost s te p s  of th e  b io s y n th e tic  p a th w a y .
To th is  e n d  tw o 2 -m e th y lp u tre sc in e s  w ere  s y n th e s is e d .
5 .5 .2  S y n th e s is  of 2 -m e th y lp u tre sc in e s
T h e  s y n th e s is  of R -( + )-2 -m e th y lp u tre sc in e  (176) was f i r s t
153c a r r ie d  o u t b y  von B ra u n  a n d  J o s te s  m any y e a r s  ag o , a n d  th is  
r o u te  w as ch o sen  a s  th e  b a s is  fo r  o u r s y n th e s is  of th e  a n a lo g u e s . 
R ead ily  av a ilab le  R - ( +) -3 -m e th y la d ip ic ( 3 -m e th y lh e x a n -1, 6-d io ic )ac id
(177) w as c o n v e r te d  q u a n tita t iv e ly  in to  R - ( + ) -3 -m ethy lad ip ic  diam ide
(178) b y  tre a tm e n t w ith  g aseo u s  ammonia a t  low te m p e ra tu re .  T he
154diam ide w as r e a c te d  u n d e r  H ofm ann re a r ra n g e m e n t c o n d itio n s  w ith  
sodium  h y p o b ro m ite  g e n e ra te d  in  s itu  to  form  R -(  + )-2 -m e th y lp u tre s c in e  
(1 7 6 ). T h is  diam ine was iso la te d  as  th e  d ib en zo y l d e r iv a tiv e  (1 7 9 ), 
a n d  th e n  o b ta in e d  as a d ih y d ro c h lo r id e  s a l t  b y  tre a tm e n t w ith  co n cen ­
t r a t e d  h y d ro c h lo r ic  ac id  u n d e r  se a le d  tu b e  co n d itio n s  a t  a h ig h  
te m p e ra tu re  a n d  p r e s s u r e  (Schem e 41).
T h e  Hofm ann re a r ra n g e m e n t is  an  in tram o lecu la r  r e a r r a n g e -
155m ent w h ich  o c c u rs  w ith  r e te n tio n  of c o n f ig u ra tio n . T h e  re a c tiv e
sp e c ie s  is  th o u g h t to  b e  an  is o c y a n a te , w hich  is  h y d ro ly s e d  to th e  
p r im a ry  am ine (Schem e 42 ).
T h e  same s e r ie s  of re a c tio n s  u se d  in th e  s y n th e s is  of (176), 
w as u s e d  to  c o n v e r t  racem ic 3 -m ethy lad ip ic  ac id  (180) in to  th e  racem ic 
diam ide (1 8 1 ), th e n  in to  th e  d ib en zo y l d e r iv a tiv e  (1 8 2 ), a n d  e v e n tu a lly  
in to  th e  racem ic 2 -m e th y lp u tre sc in e  (183) d ih y d ro c h lo r id e  (Schem e 41 ). 
N one of th e  re a c tio n s  a re  low y ie ld in g , a n d  th e  ro u te  p ro v e d  s y n th e t i ­
ca lly  u se fu l fo r  o u r  p u rp o s e s .
HOOC
(177) R=CH3,R2=H
(180) R1;R2=CH3,H
COOH .
U -H 2NCO
(178) R1=CH3<R2=H
(181) R1,R2=CH3)H
Cu NH2
h 2n
(176) R1=CH3,R2=H 
(183) R1,R2 = CH3,H
(179) R1=CH.,R2=H\ 1 /  ^ / « '  rA - n
(182) R ,R 2=CH3,H
(both as their 
dihydrochloride salts)
Scheme
Reagents! NH3, C2H50H,-A0oC;ii.Na0H,Br2,H 20/ice,A 
iii. C6H5COCl, A;iv. c.HCl, A,pressure.
R\ ^ °
| NaOBr m
NH2 NHBr
OH
R-NH2«* R-N=C=0
Scheme U2
A fte r  th e  su c c e s s fu l s y n th e s e s  of 2 -m e th y lp u tre sc in e s  (176)
3a n d  (1 8 3 ), i t  w as d ec id ed  to  in tro d u c e  a ra d io a c tiv e  H la b e l a t  some 
p o in t w ith  a view  to  th e  feed in g  of th e  ra d io a c tiv e  2-m e th y lp u tre s c in e s .  
O ur in itia l a t te m p ts  to  e x c h a n g e  th e  p ro to n s  w ere p e rfo rm e d  upon  
(± )-3 -m e th y la d ip ic  ac id  (180 ). R eac tion  of ac id  (180) w ith  s tro n g  
b a se  in  d eu te riu m  ox ide  a t  r e f lu x  te m p e ra tu re  p ro d u c e d  no  e x ch a n g e  
a s  e v id e n c e d  b y  n .m . r .  sp e c tro s c o p y . T h is  m ethod  of an a ly s is  
a lso  show ed  th e  fa ilu re  of c o n c e n tra te d  s u lp h u r ic  ac id  in d eu te riu m  
o x ide  a t  r e f lu x  to  e f fe c t e x c h a n g e . T he  in te g ra t io n s  of th e  n .m . r .  
s ig n a ls  fo r  th e  h y d ro c a rb o n  chain  w ere u n c h a n g e d  a f te r  b o th  th e se  
r e a c tio n s .  E ffic ien t e x c h a n g e  w as e v e n tu a lly  b ro u g h t  a b o u t b y  h e a tin g  
th e  ( ± )-3 -m e th y la d ip ic  ac id  (180) w ith  d eu te riu m  oxide a t  h ig h  te m p e r­
a tu re  a n d  p r e s s u r e  u n d e r  s e a le d  tu b e  re a c tio n  c o n d itio n s  (Schem e 43). 
T h is  e x c h a n g e  was a b o u t 25% e ff ic ie n t a s  e v id e n c e d  b y  in te g ra tio n  of 
th e  n .m . r .  s ig n a ls  of th e  ac id  (1 8 0 ). T h is  mode of ex c h a n g e  w as 
u s e d  fo r  th e  su c c e s s fu l in tro d u c tio n  of a tr itiu m  label in to  b o th  (176) 
a n d  (180) to  p ro d u c e  t r i t i a te d  3 -m eth y lad ip ic  a c id s .  T h ese  two 
ra d io a c tiv e  a c id s  w ere  c o n v e r te d  in to  tw o ra d io a c tiv e  sam ples of 
2 -m e th y lp u tre sc in e s  (173) a n d  (180 ).
5 .5 .3  F eed in g  of 2 -m e th y lp u tre sc in e s
H av ing  o b ta in e d  th e  d e s ire d  ra d io a c tiv e  p u tr e s c in e  a n a lo g u e s , 
i t  w as d e c id e d  to  fe e d  (176) a n d  (183) to  a ra n g e  of p la n ts  w hich  
p ro d u c e  p y r ro liz id in e  a lk a lo id s . As m en tioned  e a r l ie r ,  C ynoglossum  
o ffic in a le  a n d  S enecio  p le is to c e p h a lu s  p ro d u c e  (+ )-e c h in a tin e  (62) a n d  
( - ) - ro s m a r in in e  (175) r e s p e c t iv e ly .  Emilia flammea C a s s . (C om positae)
101
H
FK ^COOH Rr ^CO O H
Scheme 43
.x
Reagents-.i. H20, A, pressure
x= 2 or 3
H3C OH
<y^r\ CH2 0
102
156p ro d u c e s  ( - ) -e m ilin e  (184 ), a n d  sam ples of all th r e e  p la n ts  w ere
a v a ila b le . A know n a c tiv ity  of t r i t ia te d  R -(  + ) -2 -m e th y lp u tre sc in e
(176) d ih y d ro c h lo r id e  w as m ixed w ith  a small q u a n tity  of [ 1 , 4 - ^ C ] -
p u tr e s c in e  (166) d ih y d ro c h lo r id e  to p ro d u c e  a m ix tu re  w ith  a ^ H :^ C
ra t io  m e a su re d  b y  sc in tilla tio n  c o u n tin g . T he  same p ro c e d u re  w as
follow ed w ith  ( ± ) -2 -m e th y lp u tre sc in e  (183) d ih y d ro c h lo r id e  a n d  th e  
3 14H: C ra tio  was m e a su re d .
T he  ra d io a c tiv e  m ix tu re s  w ere  fed  s e p a ra te ly  in  tu r n  to 
C ynog lossum  o ff ic in a le , Senecio  p le is to c e p h a lu s , a n d  Emilia flammea b y  
th e  w ick m ethod  to  w e ll-e s ta b lish e d  p la n ts .  T he  com pounds w ere  fed  
o v e r  tw o s u c c e s s iv e  d a y s , a n d  th e  p la n ts  w ere allow ed to  grow  fo r  one 
w eek a n d  th e n  h a r v e s te d .  T h e  a lk a lo id s  w ere  iso la te d  b y  m ethanolic 
e x t r a c t io n s ,  a n d  th e  fa te  of th e  ra d io a c tiv e  la b e ls  was follow ed b y  
ra d io a c tiv e  sc in tilla tio n  c o u n tin g . T he r e s u l t s  a re  sum m arised  in 
T ab le  6 . E n c o u ra g in g ly , b o th  2 -m e th y lp u tre sc in e s  w ere  in c o rp o ra te d  
in to  b a s ic  m a te ria l in  all th r e e  sp e c ie s  a b o u t 1/4 to  2 /5  a s  well as 
o rd in a ry  p u tr e s c in e .  T he  two p ro d u c ts  iso la te d  from  Senecio  
p le is to c e p h a lu s  b o th  show ed  a ra d io a c tiv e  b a n d  a t R^ 0 .30 w hen t . l . c .  
ra d io s c a n s  w ere  r u n .  T he  in c o rp o ra tio n s  of th e  sam ples p ro d u c e d  b y  
C ynog lossum  o ffic in a le  a n d  Emilia flammea w ere  too low to  b e  ab le  to  
d e te c t  a n y  d e f in ite  ra d io a c tiv e  b a n d s  (T ab le  6 ) . T he  ra d io a c tiv e  b a n d s  
from  b o th  t . l . c . ' s  o f th e  S enecio  p le is to c e p h a lu s  fe e d s  w ere  s c ra p e d  
o ff , e x t r a c te d ,  a n d  th e  ^ H :^ C  ra tio s  w ere  m e a su re d  b y  sc in tilla tio n  
c o u n tin g . T he  ra t io s  in  b o th  c a se s  w ere  close to  th e  r a t io s  in th e  
a lk a lo id  e x t r a c t ,  a t  1 .03 fo r th e  feed in g  of (176) a n d  3 .39  fo r th e  u se  
of (1 8 3 ). T h e  n . m . r .  sp e c tro sc o p ic  a n d  t . l . c .  d a ta  of all th e se
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p ro d u c ts  show ed  no d e te c ta b le  d if fe re n c e s  from  th o se  of th e  n a tu ra l  
a lk a lo id s  each  p la n t  p ro d u c e s .
5 .6  S y n th e s is  a n d  F eed in g  of F lu o ro p u tre sc in e s
5 .6 .1  In tro d u c t io n
T he u se  of f lu o rin e  to  'ta g ' a m olecule th ro u g h o u t i t s  
m etabolism  along  a b io s y n th e tic  p a th w ay  h a s  b e e n  e x p a n d e d  u pon  
e a r l ie r  (S ec tio n  4 .4 ) .  T he  aim s of th is  sec tio n  of w ork  w ere to 
develop  a s h o r t  a n d  e ff ic ie n t ro u te  to  an  an a lo g u e  of p u tre s c in e  w ith  
f lu o r in e  p r e s e n t ,  a n d  th e n  to  a tte m p t to  s tu d y  th e  m etabolism  of th is  
f lu o r in e  co n ta in in g  m olecule b y  p la n ts  w hich p ro d u c e  p y rro liz id in e  . 
a lk a lo id s .
5 .6 .2  In tro d u c t io n  of f lu o rin e
New re a g e n ts  a n d  im p ro v ed  te c h n iq u e s  fo r th e  se lec tiv e
in tro d u c tio n  of f lu o rin e  h a v e  c o n tr ib u te d  to  a d v a n c e s  in  th e  c h em is try
of m ental h e a l th ,  c a n c e r  c h e m o th e ra p y , an ti- in fla m m a to ry  a n d  a n t i-
157p a ra s i t ic  a g e n ts ,  a n d  a n t ib io t ic s ,  e .g .  f lu o ro p ro s ta g la n d in s . T he
18u s e  of F la b e lle d  b iochem ical t r a c e r s  fo r  m edical p u rp o s e s  h a s
re c e n t ly  b lo sso m ed , a n d  th is  iso to p e  also  h a s  com m ercial a p p lica tio n s
in  f ie ld s  su c h  a s  ag ro ch em ica ls  a n d  p h a rm a c e u tic a ls .
A w ide v a r ie ty  of m ethods can  b e  u se d  to  f lu o r in a te  
158m olecu les. T he  c h e a p e s t so u rc e  of flu o rin e  is  h y d ro g e n  f lu o r id e ,
b u t  i t s  u se  is  r e s t r i c t e d  due to  some unw elcom e p ro p e r t ie s .
E lem ental f lu o rin e  h a s  becom e in c re a s in g ly  im p o rta n t a s  a se lec tiv e  
f lu o r in a tin g  a g e n t .  T he c r it ic a l fa c to r  is  to av o id  ra d ic a l f lu o r in a tio n .
T h is  is  a c h ie v e d  b y  th e  d ilu tio n  of f lu o rin e  w ith  an  in e r t  g a s  in th e
p re s e n c e  of a ra d ic a l a b s t r a c to r ,  w ith  a su ita b le  so lv e n t a t  a low
te m p e ra tu re .  F o r exam ple , t r a n s - 4 - te r t i a r y  b u ty l  c y c lo h ex y l g_-nitro-
b e n z o a te  (185) can  b e  f lu o r in a te d  in a s e le c tiv e  e le c tro p h ilic  m an n er
159a t  th e  rem ote  t e r t i a r y  c a rb o n  atom (Schem e 44) . E lec tro p h ilic
f lu o r in a tio n s  of th is  ty p e  a p p e a r  to  o c c u r p re fe re n t ia l ly  a t  th e  t e r t i a r y
c a rb o n  atom , p ro b a b ly  due  to  th e  h ig h  a f f in ity  of f lu o rin e  to w ard s
th is  h ig h  e le c tro n  d e n s ity  re g io n  (C^_-H). F lu o rin a tio n s  w ith  elem ental
f lu o rin e  in  p o la r  s o lv e n ts ,  e .g .  ace tic  a c id , a re  also  k n ow n , w ith  th e
re a c tiv e  sp e c ie s  c o n s id e re d  to b e  an  o rg an ic  h y p o f lu o r ite  (R C C ^F ).
In o rg a n ic  h y p o f lu o r i te s  r e a c t  p a r t ic u la r ly  well w ith  arom atic  an d
u n s a tu r a te d  s y s te m s , e .g .  O F 2 , OHF, C sSO ^F.
Among th e  w ell-know n f lu o r in a tin g  a g e n ts ,  s u lp h u r  te t r a -
f lu o rid e  a n d  its  d e r iv a tiv e s  a re  dom inan t. S u lp h u r  te tra f lu o r id e  is
se le c tiv e  a n d  e f fe c tiv e , a n d  can  w ork  on a p re p a ra t iv e  sca le  o r  be
ca ta ly tic a lly  f u r th e r  a c t iv a te d  on a d d itio n  of a Lew is a c id .  I f  we
look a t  th e  f lu o rin a tio n  of a c a rb o n y l g ro u p , two a l te rn a t iv e  id eas
a r is e .  T he  Lew is ac id  can  s e rv e  as a p o la riz in g  a g e n t fo r  th e
c a rb o n y l a n d  th e  n u c leo p h ilic  a t ta c k  of SF^ is  fa c il i ta te d . T he
e ffe c t may a lso  b e  a m utual e f fe c t b e tw een  th e  Lew is ac id  (LX ^) a n d
SF^, w ith  SF^ o r [F ^S ^  +* • • -F • • • • ^LX ^] a s  th e  f lu o r in a tin g  a g e n t .
F o rem o st am o n g st th e  d e r iv a tiv e s  of SF^ is  N ,N -d ie th y la m in o s u lp h u r-
16 ?tr i f lu o r id e  (D A S T ). T h is  is  an  e x tre m e ly  good f lu o r in a tin g  a g e n t ,
as  i t  is  m ore c o n v e n ie n t th a n  SF^, an d  th e  g e n e ra lly  mild re a c tio n s  
p ro c e e d  w ith  low er te m p e ra tu re s  a n d  p r e s s u r e s ,  f a s te r  re a c tio n  tim es 
a n d  h ig h e r  y ie ld s .  G lass v e s s e ls  can  b e  u s e d ,  a n d  r e a r r a n g e d
1 0 6
H
(185)
R = CO \ _ ^ / n 0 2  
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p r o d u c ts ,  d e h y d ra tio n  a n d  o th e r  s e r io u s  s id e  re a c tio n s  a re  g e n e ra lly  
16 3n o t e n c o u n te re d . F o r exam ple , DAST re p la c e s  th e  f re e  h y d ro x y l in
th e  c a rb o h y d ra te  d e r iv a tiv e  (186) w ith  re te n tio n  of c o n fig u ra tio n  
164(Schem e 4 5 ). T he  re a g e n t  can  a lso  re p la c e  a c a rb o n y l o x y g en  w ith
16 2two f lu o rin e  a tom s. T he y ie ld s  w ith  DAST a re  g e n e ra lly  h ig h e r
165th a n  th o se  r e s u l t in g  from  u se  of Ish ik a w a 's  r e a g e n t  (1 8 7 ). O th e r
n itro g e n -c o n ta in in g  f lu o r in a tin g  a g e n ts  a re  av a ila b le , e .g .  N -f lu o ro -2 -  
p y r id o n e  (1 8 8 ).
T he m ost m en tioned  in o rg a n ic  f lu o r in a tin g  a g e n t in  r e c e n t  y e a rs
is  x en o n  d if lu o r id e . T h is  r e a g e n t  h a s  d iv e rs e  e f f e c ts ,  e .g .  i t  can
re p la c e  a c a rb o x y lic  ac id  g ro u p in g  w ith  a f lu o rin e  a to m ,^ ^  o r  a d d
167a c ro s s  a doub le  b o n d  (Schem e 46 ).
5 .6 .3  S y n th e s is  of 2 -f lu o ro p u tre sc in e
A r e c e n t  s y n th e s is  of 2 -f lu o ro p u tre sc in e  (189) p ro c e e d e d  in a
v e ry  low o v e ra ll y ie ld , b u t  m ade u se  of DAST in th e  f lu o rin a tio n  s te p  
168(Schem e 4 7 ). T he p ro d u c tio n  of 2 -f lu o ro - l ,4 -d ib ro m o b u ta n e  from
2 -h y d ro x y - l ,4 -d ib ro m o b u ta n e ,  was follow ed b y  co n v e rs io n  of th is
f lu o ro b u ta n e  in to  th e  c o rre sp o n d in g  d ip h th a lim id e . T he p ro te c te d
p u tr e s c in e  w as r e s i s ta n t  to  h y d ro ly s is ,  a n d  e v e n tu a lly  d e p ro te c tio n  w as
b ro u g h t  a b o u t on ly  u n d e r  ex tre m ely  fo rc in g  co n d itio n s  in a v e ry  low
y ie ld . A g re a t  deal of s ta r t in g  m ateria l was s til l p r e s e n t  in  s p ite  of
th e  d ra s t ic  re a c tio n  c o n d itio n s . A s tu d y  of a l te rn a t iv e  ro u te s  on ly  le d
to  decom position  of th e  f lu o ro -c o m p o u n d s . T he te tr a f lu o ro p u tre s c in e
168(190) was a lso  s y n th e s is e d  (Schem e (4 8 ).
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Scheme U7 0
Reagents-.i. DAST;CH2Cl2 ,-78uC ;ii.KN' II ),DMF, 
12h,100°C, c>
iii.c.HCl,72h,120°C.
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(190)
Scheme £8
Reagents-.i. BH3,THF,3h;70°C.
F o r o u r  s y n th e s is  of racem ic 2 -f lu o ro p u tre sc in e  (1 8 9 ), we chose
re a d ily  av a ilab le  racem ic malic ac id . T he ac id  was c o n v e r te d  q u a n t i ta -
169tiv e ly  in to  d ie th y lm ala te  (1 9 1 ). F lu o rin a tio n  w ith  DAST gave one
c lean  p r o d u c t ,  d ie th y l 2- f lu o ro s u c c in a te  ( 1 9 2 ) ,  w hich  was d is tille d
u n d e r  h ig h  vacuum  (Schem e 49 ). T he  90 MHz n .m . r .  sp e c tru m  of
th is  d ie s te r  (F ig u re  9) show s th e  la rg e  gem inal J  co u p lin g  of 47 .2
H C F
H z. A coup lin g  of th is  m a g n itu d e  is  c h a ra c te r is t ic  of th e  CHF g ro u p
a n d  a p p e a rs  th ro u g h o u t  th e  a n a ly s is  of th e  2 -f lu o ro c o m p o u n d s . D ie s te r
(192) w as r e d u c e d  w ith  d iiso b u ty l alum inium  h y d r id e  (DIBAL) o r  lith ium
alum inium  h y d r id e  to  p ro v id e  sam ples of 2 - f lu o ro - l ,4 -b u ta n e d io l  (1 9 3 ).
T h is  diol w as c o n v e r te d  in to  2 - f lu o ro p u tre sc in e  (189) b y  tre a tm e n t w ith
a so lu tio n  of h y d ra z o ic  ac id  in  b e n z e n e , d ie th y la z o d ic a rb o x y la te , an d
170e x c e ss  tr ip h e n y lp h o s p h in e  in  te t r a h y d r o f u r a n .  T he d ih y d ro c h lo r id e
s a lt  of (189) was iso la te d  b y  th e  a d d itio n  of aq u eo u s  h y d ro c h lo r ic  ac id .
171T he alcohol w as c o n v e r te d  in to  an  az ide  b y  th e  M itsunobu  re a c tio n ,
172a n d  an  in  s i tu  S ta u d in g e r  re a c tio n  of th e  az id e  w ith  t r ip h e n y lp h o s ­
p h in e  p ro d u c e d  an  im in o p h o sp h o ran e  in te rm e d ia te . H y d ro ly s is  was 
e f fe c te d  b y  th e  tre a tm e n t w ith  a c id .
T he  o v e ra ll y ie ld s  of all th e  re a c tio n s  w ere  good a n d  v e ry  li ttle  
p u r if ic a tio n  of th e  p ro d u c ts  was r e q u ir e d .
5 .6 .4  In v e s tig a tio n s  in to  th e  s te re o s e le c tiv ity  of th e  DAST 
re a c tio n
In  th e  v a s t  m ajo rity  of th e  c a se s  w h ere  th e  DAST re a c tio n  w as
u s e d ,  th e  rep la cem e n t of h y d ro x y l b y  f lu o r in e  g e n e ra lly  p ro c e e d e d  w ith
158re te n t io n  of c o n f ig u ra tio n .
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Scheme 49
Reagents-.i. C2H5OH,C6H5CH3,c.HCl,A;ii. DAST,
CH2Cl2 ,-70oC;iii.DIBAL,C6H5CH3,-40°C or 
LiA(HA,E t2O,0°C;iv.HN3,C 6H6 ,PPh3, 
E t0 2C-N=N-C02Et,A;v.HCl (aq.),A.
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90MHz 1Hnmr. spectrum of 
(ij-Diethyl fluorosuccinate (192)
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If  th e  co n v e rs io n  of d ie th y l m alate in to  d ie th y l f lu o ro su c c in a te  
o c c u r re d  w ith  re te n tio n  of c o n f ig u ra tio n , th e n  th e  ro u te  d e ta ile d  above 
cou ld  b e  u s e d  to  p ro d u c e  two en an tiom eric  2- f lu o ro p u tre s c in e s  b y  
s ta r t in g  w ith  th e  re a d ily  av a ilab le  o p tica lly  a c tiv e  malic a c id s .
169A c c o rd in g ly , R -d ie th y l m alate (194) w as s y n th e s is e d  a s  b e fo re  a n d  
c o n v e r te d  in to  th e  d ie th y lf lu o ro su c c in a te  (1 9 5 ). S im ilarly , S -d ie th y l 
m alate (196) w as c o n v e r te d  in to  d ie th y lf lu o ro su c c in a te  (1 9 7 ).
C hem ists  h av e  long  a p p re c ia te d  th a t  a c h ira l e n v iro n m en t m igh t
173d iss im ila rly  p e r tu r b  th e  p ro p e r t ie s  of enan tiom eric  m olecu les. We
d e c id e d  to  u se  a c h ira l so lv a tin g  a g e n t (CSA ) to  p e r tu r b  th e  d ie th y l 
f lu o ro su c c in a te s  (195) a n d  (1 9 7 ), a n d  to  v iew  th e  d if fe r in g  e x te n ts  of 
p e r tu rb a t io n  from  th e  n .m . r .  s p e c tr a .  T he CSA d ec id ed  upo n  was 
R -(  + )-p h e n y le th y la m in e  (1 9 8 ). N early  all CSAs co n ta in  a g ro u p  of h ig h  
d iam agnetic  a n iso tro p y  n e a r  th e  asym m etric  c e n tr e .
T h e  liq u id  CSA w as a d d e d  to  all th r e e  d ie th y l f lu o ro su c c in a te s  
[ (1 9 2 ) ,  (195) a n d  (1 9 7 ) ] ,  along w ith  a few d ro p s  of CDC£^ co n ta in in g  
2% te tra m e th y ls ila n e  as in te rn a l  s ta n d a r d ,  a n d  th e  90 MHz ^H n .m . r .  
s p e c tr a  w ere  re c o rd e d  (F ig u re  1 0 a . - c . ) .  T h e re  a re  eas ily  seen  
c h a ra c te r i s t ic s  of C S A -in d u ced  n o n -e q u iv a le n c e  fo r  th e  2-H a n d  3-H^ 
of th e  d ie s te r s .  T he d o u b le t of d o u b le ts  due  to  3 - ^  is  s h if te d  in all 
th r e e  c a s e s ,  b u t  in  th e  two 'e n a n t io m e rs ', (195) a n d  (1 9 7 ), th e  s ig n a ls  
a r e  s h if te d  to  d if fe re n t  d e g re e s .  In  th e  case  of (1 9 5 ) /(1 9 8 ) , th e  le f t 
h a n d  p o r tio n  ( x )  of th e  s ig n a l is  s h if te d  u p fie ld  b y  32 Hz (F ig u re  1 0 b ), 
a n d  th e  u p f ie ld  s h if t  in  th e  ca se  of (197) / (198) is  34 Hz (F ig u re  10c). 
T he  m idpo in t of th e  r ig h t  h a n d  d o u b le t (y ) is  s h if te d  b y  30 Hz fo r  
p a i r in g  (195) /(198) (F ig u re  1 0 b ), a n d  b y  42 Hz in th e  case  of (1 9 7 )/
Figure 10a. (192) /  (198)
l
X y
Figure 10b. (195) /  (198)
5-0 ib PPM, 30
C h ira l so lv a tin g  a g e n t (CSA) in d u c e d  n o n -e q u iv a le n c e  in  th e  90 MHz 
n . m . r .  s p e c tr a  of th e  d ie th y lf lu o ro su c c in a te s  [ ( 192), (1 9 5 ), (197) ] 
w ith  R - ( +)-p h e n y le th y la m in e  (198 ).
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(198) (F ig u re  10c). T he n . m . r .  sp e c tru m  of th e  racem ate  (192) 
w ith  (198) (F ig u re  10a) is  alm ost id e n tic a l to  th e  com bined  s p e c tr a  of
th e  two e s te r s  w ith  CSA . U pfie ld  s h if ts  a re  seen  fo r th e  r e s p e c t iv e
1 173H -2 s ig n a ls ,  w hen co m p ared  to  th e  H n . m . r .  sp e c tru m  of (192)
(F ig u re  9 ).
From  th is  e v id e n c e , th e  re a c tio n  of th e  sam ples of d ie th y l 
m alate  [ (1 9 1 ) , (194) a n d  (196)] w ith  DAST seem s to b e  v e ry  s te re o ­
se le c tiv e . T he two 'e n a n t io m e rs ', (195) a n d  (197), gave o p tica l 
a c t iv ity  m e asu re m en ts  w hich  a re  ro u g h ly  eq u a l in  m a g n itu d e , b u t
o p p o s ite  in  s i g n . I f  th e  re a c tio n  of d ie th y l m alate w ith  DAST h a s
158o c c u r re d  w ith  r e te n t io n ,  th e n  th e  R -c o n f ig u ra tio n  can  b e  te n ta tiv e ly
a s s ig n e d  to  (195) a n d  th e  ^ -c o n f ig u ra tio n  to  (1 9 7 ). T h ese  two d ie th y l
f lu o ro s u c c in a te s , (195) an d  (1 9 7 ), w ere  r e d u c e d  as fo r th e  racem ate
(1 9 2 ), to  diols (199) a n d  (200) r e s p e c t iv e ly ,  w hich  w ere s u b se q u e n tly
c o n v e r te d  in  tu r n  in to  th e  2 - f lu o ro p u tre s c in e s ,  (201) a n d  (202) (Schem e
50) . B o th  p a i r s  of com pounds gav e  ap p ro x im a te ly  equ a l a n d  o p p o site
r o ta t io n s ,  a n d  all sam ples gave  c o r r e c t  a n a ly tic a l d a ta . A p o rtio n  of
174b o th  'en an tio m eric ' d ie th y lf lu o ro su c c in a te s  w ere  h y d ro ly s e d  to  p ro d u c e
two f lu o ro su c c in ic  a c id s ,  (128) o b ta in e d  from  d ie s te r  (195) a n d  d iac id
(203) from  d ie s te r  (197).
A p o in t of n o te  is  th e  in s ta b il i ty  of m any of th e s e  f lu o r in a te d
m olecu les. Upon s ta n d in g ,  th e y  a re  p ro n e  to  decom position  in to
u n f lu o r in a te d  m olecu les. An i l lu s tra t io n  of th is  was seen  in  th e  94 a n d  
19188 MHz F n . m . r .  s p e c tr a .  A f te r  some sam ples h a d  s to o d  fo r  a w hile , 
v e r y  l i t t le  f lu o r in e  was le f t  in th e  p ro d u c t .  T he sam ples of f lu o ro ­
su cc in ic  a c id , (128) a n d  (2 0 3 ), w ere  su b m itte d  fo r  c irc u la r  d ich ro ism
(194) R1=H,R2=OH (195) R1 = H,R2=F
(195) R1=OH,R2=H (197) R1=F;R2=H
R 2 
H2NH2C \ I ^ r
--------
h 2n h 2c x
(201) r ’=H,R2=F
(202)R1 = F, R2=H
R
HOH2C\jL^R
h o h 2c ^
(199) R = H,R2=F
(200)R1=F; R2 = H
Scheme 50
Cl-U.
NH
C6H5
>kH
(198)
R
h o 2c ^
(128) R1=H/ R2=F 
(203) R’ r F . R ^ H
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( c . d . )  s p e c t r a ,  b u t  th e  c u rv e s  w ere  u n s a tis fa c to ry  an d  in c o n c lu s iv e
d u e  to  th e  p re s e n c e  of a chem ical im p u r ity . In  o rd e r  to o b ta in  th e
19v ita l m iss ing  d a ta  ( F n . m . r .  s p e c tr a  a n d  a b so lu te  s te re o c h e m is t ry ) ,
f r e s h  sam ples of th e  com pounds n e e d  to  b e  p r e p a r e d .  A b so rp tio n
c . d .  d a ta  on th e  f lu o ro su cc in ic  ac id s  can  h o p e fu lly  b e  re la te d  to  th o se
132of th e  ch lo ro su cc in ic  a c id s . A n o th e r p o ss ib ili ty  may b e  to  u se
v ib ra t io n a l in f r a  r e d  c irc u la r  d ich ro ism  ( i . r . c . d . ) ,  w ith  th e  sam ples of 
d ie th y l f lu o ro su c c in a te , w hich  a p p e a r  to  b e  re la tiv e ly  s ta b le .  T he 
i . r .  c . d .  te c h n iq u e  w as re c e n tly  u s e d  to  in v e s t ig a te  th e  s te re o c h e m is try  
of a b io log ica l p ro c e s s .
O nce th e  s u c c e s s fu l s y n th e s is  o f th e  d e s ire d  com pounds w as 
com ple te , a ra n g e  of feed in g  e x p e rim e n ts  was a tte m p te d .
5 . 6 . 5  F eed in g  of 2 -f lu o ro p u tre se in e s
As w ith  th e  2 -m e th y lp u tre sc in e s  (S ec tio n  5 . 5 ) ,  sam ples of th e
tw o 2 - f lu o ro p u tre s c in e s  ( 2 0 1 ) a n d  ( 2 0 2 ) ,  w ere  p u ls e - f e d  as th e ir
d ih y d ro c h lo r id e  s a lts  b y  th e  wick m ethod  to  C ynoglossum  o ff ic in a le ,
Senecio  p le is to c e p h a lu s , a n d  Emilia flam m ea. T h e y  w ere  fe d  as  a
s te r i le  aq u eo u s  so lu tio n  o v e r  2 d a y s . T he  p la n ts  w ere  allow ed to  grow
fo r  a f u r th e r  w eek a n d  th e n  h a r v e s te d ,  e x t r a c te d ,  a n d  th e  a lka lo id s
w ere  iso la te d  as  p re v io u s ly  d e s c r ib e d . T he p la n ts  a p p e a re d  to  s u f fe r
some dam age as  a r e s u l t  of f e e d in g , p a r t ic u la r ly  a ro u n d  th e  a re a  of
fe e d in g  on th e  s tem s.
T he d e te c tio n  o f  a n y  in c o rp o ra tio n  of f lu o rin e  in to  th e  a lk a lo id s
19w as a t te m p te d  b y  188 MHz F n . m . r .  T h e  s p e c tr a  of ro sm a rin in e  (175) 
a n d  em iline (184) fe d  th e s e  f lu o ro p u tre sc in e s  show ed  v e ry  l i t t le
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e v id e n c e  of an y  s ig n if ic a n t in c o rp o ra tio n s .  S ig n a ls  a t  ca . 8 -186
  F
p . p . m .  w ere  o b ta in e d  as  e x p e c te d  due  to  CHF b o n d s , b u t  th e y  w ere 
f a r  too w eak to  b e  ta k e n  a s  a d e f in ite  r e s u l t .
T he  f lu o ro p u tre s c in e s  w ere  fe d  ro u g h ly  24h a f te r  fina l 
c ry s ta l l is a t io n  a n d  may h av e  decom posed  to  a d e g re e  in th is  s h o r t  tim e. 
T he am o u n ts  fe d  w ere re la tiv e ly  small (~ 100 mg) a s  th e re  w as th e  
d a n g e r  of to x ic ity  if  th e  so lu tio n  w as too c o n c e n tra te d . T he  am ount 
fe d  sh o u ld  p ro b a b ly  b e  in c re a s e d ,  a n d  th e  p u ls e - fe e d in g  c o n tin u e d  fo r  
lo n g e r  th a n  2 d a y s . T he  s y n th e s is  of m olecules of 2 - f lu o ro p u tre sc in e  
w hich  co n ta in  a ra d io a c tiv e  lab e l ( e . g .  ^H, , o r ^ F )  is  n e e d e d  in
o rd e r  to  m e asu re  th e  in c o rp o ra tio n  of th e  com pound m ore ea s ily . 
H opefu lly  th e s e  m od ifica tions w ould r e s u l t  in  a m e a su re d  d e fin ite  
in c o rp o ra tio n  of f lu o r in e .
5 .7  F u r th e r  Work
On th e  b a s is  of th e  w ork  r e p o r te d ,  f u r th e r  e x p e rim e n ts  can  be
d e v is e d .
13T he s y n th e s is  a n d  feed in g  of 2 -m e th y lp u tre sc in e s  w ith  a C
13la b e l m ig h t en ab le  th e  an a lo g u es  fo rm ed  to  b e  seen  in th e  C n . m . r .
s p e c tr a  of th e  a lk a lo id  e x t r a c t s .  In  a d d itio n , th e  s y n th e s is  of 2 -f lu o ro -
18p u tr e s c in e s  w ith  a ra d io a c tiv e  F lab e l p r e s e n t ,  w ould en ab le  th e  
in c o rp o ra tio n  to  b e  m e asu re d  sim ply b y  sc in tilla tio n  c o u n tin g .
T he u se  of d e u te r ia te d  p u tre s c in e s  upon  C ynoglossum  o ffic inale  
b y  feed in g  in ta c t  p la n ts  seem s to  b e  f r u i t le s s ,  a n d  a n o th e r  p la n t 
sp e c ie s  sh o u ld  b e  so u g h t o u t a s  a good so u rc e  of (+ ) -h e lio tr id in e  ( 3 ) .  
D if fe re n t fe e d in g  m ethods m igh t also  b e  a tte m p te d . T he  fe e d in g  of
la te r  in te rm e d ia te s ,  su c h  as  iso re tro n e c a n o l ( 2 2 ) ,  is  a w orthw hile  a re a  
of b io s y n th e tic  r e s e a r c h  to  p u r s u e  f u r th e r .  L ab e lled  an a lo g u es  of 
la te r  in te rm e d ia te s  in  th e  b io sy n th e tic  p a th w ay  cou ld  also  b e  p r e p a re d  
a n d  fe d  to  p la n ts  th a t  p ro d u c e  p y r ro liz id in e  a lk a lo id s . T h e  la te r  
in te rm e d ia te s  a re  g e n e ra lly  in c o rp o ra te d  b e t t e r  th a n  m olecules su c h  as  
p u t r e s c in e .
T he  u se  of h .p  I . e .  a s  a m ethod  fo r  th e  r a p id  in v e s tig a tio n  
a n d  se p a ra tio n  of a lka lo id s a n d  th e i r  an a lo g u es  is  also  w o rth y  of more 
s t u d y .
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CHAPTER SIX
INVESTIGA TIONS INTO THE PYRROLIZIDINE ALKALOID CONTENT 
OF PLANTS
6 .1  In tro d u c t io n
P y rro liz id in e  a lk a lo id s  a re  fo u n d  in  a v a r ie ty  of p la n t sp ec ie s  
w hich  a re  w idely  d is t r ib u te d  th ro u g h o u t th e  w orld  (S ec tio n  1 . 2 ) .
T he  a lk a lo id s  h a v e  also  b een  id e n tif ie d  in  a v a r ie ty  of hum an food 
s o u rc e s .  T he  d iff ic u lty  in  s tu d y in g  p y r ro liz id in e  a lka lo id s h a s  o ften  
b een  th e  iso la tio n  of th e  a lka lo id s  as a com plex m ix tu re  of sim ilar 
co m p o u n d s. V ario u s  m ethods of s e p a ra tio n  h av e  b een  u s e d , a n d  th is  
sec tio n  will d e s c r ib e  th e  u se  of h ig h  p r e s s u r e  l iq u id  ch ro m a to g rap h y  
( h . p . I . e . )  to  iso la te  p u re  a lka lo id s from a com plex m ix tu re .
T he f i r s t  h . p . I . e .  m ethod  to  s e p a ra te  s u c c e s s fu lly  p y r ro liz i­
d in e  a lk a lo id s  was u s e d  fo r th e  iso la tio n  of r e t r o r s in e  ( 6 8 ) ,  se n e c ip h y l-
lin e  (204) ,  a n d  sen ec io n in e  (205) from  Senecio  v u lg a r is  (common 
176g ro u n d s e l) .  T h is  p ro c e d u re  u s e d  a T H F / 0 . 0 1  M ammonium c a rb o n a te
(pH  7.8)  so lv e n t sy s te m , a n d  was also  ap p lied  to  Senecio  lon g ilo b u s
( th re a d le a f  g ro u n d s e l)  a n d  Senecio  jacobaea  ( ta n s y  r a g w o r t) .
S enecio  lo n g ilo b u s  c o n ta in s  th e  sam e m acrocyclic  d ie s te r s  as  Senecio
v u lg a r is  p lu s  an  ad d itio n a l a lk a lo id , r id d e llin e  (69) .  A q u a n t ita t iv e
h . p . I . e .  m ethod  was u s e d  to  s e p a ra te  sy m p h y tin e -N -o x id e  (206) an d
179ech im id in e -N -o x id e  (207) from  Sym phytum  r a d ix . T itte l el a l. u se d
a m ethanol / w a te r  so lv e n t sy stem  fo r e lu tio n  of th e  N -o x id es  an d  m on ito red  
th e i r  u . v .  a b so rp tio n  a t  220 nm . T he m ix tu re  of two N -o x id es  was
(68) R1=H/ R2rCH3/R3=CH2OH
(69) R\R2=CH2/R3=CH2OH 
(202.) R1,R2 = CH2/R3=CH3
(205) R1=H,R2=R3=CH3
r’o h c h 2o r 2
(206) R = (E)-COCMe=CHMe,
2  ' f f r l f l R =CO-~j—| - _Me
HO OH
(207) R1 = (Z)-COCMe-CHMe,
R =COC(OH)(CMe,OH)CHOHCH
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re d u c e d  a n d  th e  a lk a lo id s  w ere s e p a ra te d  w ith  d ic h lo ro m e th a n e /p ro p a n o l
a s  th e  so lv e n t sy stem  w ith  m on ito ring  a t  238 nm . An h . p . I . e .  r e v e r s e d
p h a s e  sy stem  was u s e d  to  s e p a ra te  m acrocyclic  p y rro liz id in e  a lka lo id s
180c o n ta in in g  o to n ec in e  (208) from  P e ta s i te s  ja p o n ic u s . T he  p re v io u s
m ethods w ere  fo u n d  to  be  n o t ap p licab le  to  th is  m ix tu re  b u t  e lu tio n  of
th e  colum n w ith  m e th an o l/0 .0 2  M ammonium c a rb o n a te  (pH  8.2)  p ro v id e d
sam ples of p u re  o to sen in e  (209) ,  p e ta s i te n in e  ( 2 1 0 ) ,  n e o p e ta s ite n in e  ( 2 1 1 ) ,
a n d  s e n k irk in e  (212) .  T he a d v a n ta g e s  of th e  h . p . I . e .  m ethod  of
c h ro m a to g ra p h y  a re  th e  low so lv e n t c o s ts ,  th e  sp e e d  of s e p a ra tio n  an d
th e  fa c t th a t  no  d e r iv a tiv e s  h av e  to  b e  m ade. M any of th e  p y rro liz id in e
a lk a lo id s  w ere  in itia lly  s e p a ra te d  u s in g  tim e-consum ing  silica  gel an d
alum ina colum ns in co n ju n c tio n  w ith  t . l . c .  te c h n iq u e s ,  an d  th is  m ethod  is
o b v io u s ly  s till ap p licab le  to  th e  s e p a ra t io n  of p y r ro liz id in e  a lk a lo id s .
H . p . I . e .  h a s  b e e n  u s e d  to  iso la te  two d ih y d ro p y rro liz id in e  a lkalo id
181m etab o lites  from  an in  v it ro  m ouse h e p a tic  m icrosom al m ix. T h is  is  a
good exam ple of th e  e x te n s io n  of th is  s e p a ra tio n  m ethod  to  b io logical 
p ro b le m s . T he n ew er te c h n iq u e s  of iso la tio n  an d  p u r if ic a tio n  h av e  
e n c o u ra g e d  th e  in c re a s e d  a c tiv ity  in th e  s e a rc h  fo r  new  a lk a lo id s . With 
th is  o b je c tiv e  in  m ind , we u s e d  an  h . p . I . e .  te c h n iq u e  upo n  th e  a lka lo id  
m ix tu re s  iso la te d  from  C ynog lossum  o ffic ina le  a n d  C ynoglossum  a u s t r a l e , 
a n d  a p p lie d  th e  e x p e r ie n c e  to  th e  s e p a ra t io n  of th e  a lkalo id  e x t r a c ts  of 
C ynog lossum  n e rv o su m  a n d  S enecio  g la b e r r im u s .
(208) (209)
R0 CH HO CH
CH^ ; ch
(210) R = H
(211) R=COCH3
(212)
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6 . 2 A na ly t ica l  H . P 0L .C .
T h e  f i r s t  p la n t  sp ec ie s  we d ec id ed  to  a p p ly  h . p . I . e .  te c h n iq u e s
to was C ynog lossum  o ff ic in a le . T h is  w as know n to con ta in  mainly
( + ) -e c h in a t in e  (62) (S ec tion  3 .2 ) ,  b u t  th e  sam ples iso la te d  from th e
p la n ts  a lw ays c o n ta in e d  a minor p y r ro l iz id in e  a lkalo id  w hich cou ld  n e v e r
b e  is o la te d  p u r e  b y  column c h ro m a to g ra p h y .  When an a l iquo t of th e
a lka lo id  m ix tu re  was a p p l ie d  to a P e rk in  Elmer 3 x 3  silica column a n d
18 2e lu te d  w ith  th e  so lv en t  sy s te m ,  d i e t h y l e t h e r : [5% v . / v .  (2.5% NH^/
H^O) in  m ethanol] (7 5 :2 5 ) ,  an  an a ly tica l  h . p . I . e .  t r a c e  (F ig u re  11) was 
o b ta in e d .  T he  main p e a k  is  ( + ) -e c h in a t in e ,  r e te n t io n  time (R T , min)
3.78 (92.9%). O th e r  p e a k s  w ere  e v id e n t  a t  R t 5.78 (3.6%) a n d  8.02 
(3 .5% ). T he  l a t t e r  was a s s ig n e d  to  ( + ) -h e l io t r id in e  (3) b y  com parison  
w ith  an  a u th e n t ic  sam ple ,  an d  th e  p e a k  w ith  R t 5.78 was a s s ig n e d  to  
th e  m inor a lka lo id . T he  in i t ia l  p e a k s  (R  < 2 .00) a r e  du e  to th e  
s o lv e n ts  in th e  in jec tion  of th e  sam p le s .  When a t . l . c .  of th e  alkalo id  
m ix tu re  was r u n ,  ( + ) -e c h in a t in e  a n d  th e  m inor a lkalo id  h a d  R^ va lues  of 
0 .30  a n d  0 .28 r e s p e c t iv e ly .  T h e re fo re ,  a m ix tu re  w hich  was v e r y  
d if f icu lt  to  s e p a r a t e  b y  t ra d i t io n a l  column c h ro m a to g ra p h y ,  was ra p id ly  
s e p a r a t e d  b y  h . p . I . e .
When a sample of th e  a lkalo id  m ix tu re  iso la te d  from C ynoglossum  
a u s t r a l e  was a p p l ie d  to  th e  h . p . I . e .  column a n d  e lu te d  as  b e fo r e ,  th e  
a n a ly t ic a l  h . p . I . e .  t r a c e  (F ig u re  12) aga in  show ed ev id en ce  of a good 
s e p a ra t io n ,  a l th o u g h  th e  p e a k s  w ere  b r o a d e r  th a n  b e fo re .  T he  R t 
v a lu e s  w ere  7.71 (71.4%) a n d  4 .21  (28.6%), w hich w ere  a s s ig n e d  to 
(+ ) - c y n a u s t r a l in e  (172) a n d  ( + ) - c y n a u s t in e  (173) r e s p e c t iv e ly .  T h is
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Figure 11
A naly tica l h . p . I . e .  t r a c e  of th e  alkalo id  m ix tu re  
iso la ted  from C ynog lossum  officinale
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Figure 12
A n aly t ica l h . p . I . e .  t r a c e  of th e  a lkalo id  m ix tu re  iso la ted  
from C ynog lossum  a u s t r a l e
m ix tu re  was ex tre m e ly  d if f ic u l t  to  s e p a r a te  b y  column c h ro m a to g ra p h y  on 
b as ic  a lum ina , b u t  was e a s ie r  on an  h . p . I . e .  column.
T he  a lkalo id  sam ples w ere  n o t  s e p a r a t e d  b y  p r e p a r a t iv e  h . p . l . c  
b u t  th i s  may b e  a way to  im prove  th e  r e s u l t s  of th e  b io s y n th e t ic  feed in g  
e x p e r im e n ts  u p o n  C ynoglossum  offic inale  a n d  C ynog lossum  a u s t r a l e .
A n o th e r  C ynog lossum  s p e c ie s ,  C . n e rv o su m  was e x t r a c t e d  in 
th e  u s u a l  m a n n e r  to  y ie ld  a m ix tu re  of p y r ro l iz id in e  a lka lo ids  (R^ 0.30 
a n d  0 .2 6 ) .  A l th o u g h  th e  t . l . c .  only in d ic a te d  th e  p r e s e n c e  of two 
a lk a lo id s ,  w hen  an  a l iq u o t of th e  m ix tu re  was p a s s e d  th r o u g h  th e  h . p . l . c  
s e p a ra t io n  s y s te m ,  t h r e e  p e a k s  ( R t 3.98 (58.3%), 5.03 (15.2%) a n d  6.36 
(26.5%)) w ere  seen  (F ig u re  13). T h is  p la n t  h a d  n o t  b e e n  p re v io u s ly  
in v e s t ig a t e d  a n d  th e  e x t r a c t  w as s u b je c te d  to p r e p a r a t iv e  h . p . l . c .  
a n a ly s is  (S ec tion  6 .3 )  to s e p a r a t e  s u c c e s s fu l ly  th e s e  t h r e e  a lka lo ids .
T he  f inal p la n t  in v e s t ig a te d  was Senecio  g la b e r r im u s .
2 183P re v io u s ly ,  th i s  sp ec ie s  was show n to  con ta in  r e t r o r s in e  ( 6 8 ) .  ’
When th i s  e x t r a c t  was ap p l ie d  to th e  an a ly tica l  h . p . l . c .  column a n d  
e lu te d  w ith  d i e t h y l e t h e r : [5% v . / v .  (2„5% N H ^ / t^ O )  in  m e th a n o l] ,
(7 5 :2 5 ) ,  an h . p . l . c .  t r a c e  w ith  4 p e a k s  of v e r y  similar R t v a lu e s  
r e s u l t e d  ( F ig u re  14a) . I t  w as d ec id ed  to  r e d u c e  th e  p o la r i ty  of th e  
e lu t in g  so lv e n t  a n d  th e  r e la t iv e  p ro p o r t io n s  w ere  c h a n g e d  to d ie th y le th e r  
[5% v . / v .  (2.5% N H ^ / l^ O )  in m ethanol]  , . ( 9 0 :1 0 )  . T he  h . p . l . c .  t r a c e  
(F ig u re  14b) was th e n  more ev e n ly  s p r e a d  w ith  R t v a lu e s  of 2 .71 ,  4 .34 , 
5 .47 ,  a n d  6 .8 4 .  When a p u r e  sam ple of r e t r o r s in e  was ap p l ie d  to th e  
colum n, i t  was o b s e r v e d  a t  R t 2 .74 . T h is  s u g g e s t s  t h a t  th e  most p o la r  
a lka lo id  from Senecio  g la b e r r im u s  on th e  h . p . l . c .  sy s tem  is  r e t r o r s i n e ,  
b u t  a p r e p a r a t iv e  h . p . l . c .  column w ould  n e e d  to b e  r u n  to  o b ta in  p u r e
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Figure 13
A naly tica l h . p . l . c .  t r a c e  of th e  alkaloid  
m ix tu re  iso la ted  from C ynog lossum  n e rv o su m
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Figure 14a Figure 14b
A n aly t ica l h . p . l . c .  t r a c e s  of th e  a lkaloid
m ix tu re  iso la ted  from Senecio  g la b e r r im u s
sam ples  fo r  fu ll c h a ra c te r i s a t io n  a n d  id e n tif ica t io n  of th e  a lka lo id s .
6 .3  P r e p a r a t iv e  H .P .L .C .  of C ynog lossum  n e rv o su m
A c o n c e n t r a te d  sample of th e  a lkalo id  e x t r a c t  from C ynog lossum  
n e rv o su m  was a p p l ie d  to  a K n a u e r  Li C h roso l Si 60 column a n d  th e  
m ix tu re  was e lu te d  w ith  d ie th y le th e r :  [5% v . / v .  (2.5% N H^/N F^O ) in
m e th a n o l] ,  75 :25. T he  a lka lo ids  w ere  d e te c te d  b y  th e i r  a b s o rb a n c e  in 
th e  u . v .  s p e c tru m  a t  2 2 0  nm , a n d  th e  f r a c t io n s  w ere  co llec ted  b y  h a n d .  
T h e  s e p a ra t io n  was n o t  as  good a s  th e  ana ly tica l  h . p . l . c .  (F ig u re  13) 
s u g g e s t e d ,  a n d  th e  p o la r i ty  of th e  s o lv e n t  sy stem  w as r e d u c e d  to 90:10 
to  e f fe c t  a b e t t e r  s e p a ra t io n .  T he  r e te n t io n  tim es w ere  all r a i s e d  as  
follows: R 3.98 -> 13 .23 , R m 5.03 -* 16.68, a n d  R m 6.36 -» 19 .51 , onr p  * r n  * r n  *
an  a n a ly tic a l  h . p . l . c .  t r a c e  (F ig u re  15). T h is  s o lv e n t  sy stem  was u s e d
a s  th e  e lu a n t  fo r  a p r e p a r a t iv e  h . p . l . c .  a n d  th e  a lka lo ids  w ere  d e te c te d
a n d  co l lec ted  a s  p r e v io u s ly .  In  th i s  c a s e ,  a good s e p a ra t io n  of th e
a lka lo id s  was a c h ie v e d  a n d  p u r e  sam ples of all t h r e e  a lkalo ids  w ere
o b ta in e d .  T he  a lka lo id  w ith  R t 13.23 was id en tica l  in sill r e s p e c t s  to
a sample of ( + ) -e c h in a t in e  (62) o b ta in e d  from C ynoglossum  o ff ic in a le .
T h e  a lka lo ids  w ith  R t  16.68 a n d  19.51 w ere  t h o u g h t  to b e  h e l io tr in e  (33)
183_286
a n d  r in d e r in e  (213) b y  com parison  w ith  know n d a ta .  T h e  smsill
q u a n t i ty  o f  th e s e  a lka lo ids  m ean t t h a t  th e  r e s p e c t iv e  h y d r o ly s e s  of th e  
sam ples  of (6 2 ) ,  (3 3 ) ,  a n d  (213) to  th e  b a s e  (3) a n d  th e  c o r re s p o n d in g  
ac id s  was im p rac tica l .  T h e se  r e a c t io n s  a r e  r e q u i r e d  fo r  final conform ­
ation  of th e  s t r u c t u r e s  of th e  a lka lo ids  e x t r a c te d .
LD
LO
o
IT)
CO
O
CO
CN
CO
o
Figure 15
P r e p a r a t iv e  h . p . l . c .  t r a c e  of th e  alkalo id  m ix tu re  
iso la te d  from C ynog lossum  n e rv o su m
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(33) R=COC(OH)(CHMe2)CH(OMe)CH3 
(62) R=CO
HO'
HO
CH(CH3)2
H
c h 3
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CHAPTER SEVEN
EXPERIMENTAL
7 .1  G en e ra l
Melting p o in ts  ( m .p . )  w ere  m e a su re d  w ith  a K ofler h o t - s t a g e
a p p a r a t u s .  N uc lea r  m agnetic  r e s o n a n c e  s p e c t r a  w ere  r e c o r d e d  w ith  a
P e rk in  Elmer R32 s p e c tro m e te r  o p e ra t in g  a t  90 MHz (5  ) ,  a V arian  XL-
100 s p e c t ro m e te r  o p e ra t in g  a t  94 MHz (<5 ) o r  25 MHz ( 6  ), a B r u k e rF C
WP-200 SY s p e c tro m e te r  o p e ra t in g  a t  200 MHz ( 6  ) ,  188 MHz (<5 ) ,  50
H F
MHz ($£ ,)  o r  31 MHz (<$D) o r  w ith  a B r u k e r  WH-360 sp e c tro m e te r
o p e ra t in g  a t  360 MHz ( 6  ) o r  55 MHz ( 6  ) .  N . m . r .  s p e c t r a  w ere
H D
r e c o r d e d  fo r  so lu tio n s  in d eu te r io ch lo ro fo rm  w ith  te t ra m e th y ls i la n e  as 
in t e r n a l  s t a n d a r d  u n le s s  o th e rw ise  s t a t e d .  I n f r a  r e d  s p e c t r a  w ere 
o b ta in e d  on a P e rk in  Elmer 580 s p e c t ro p h o to m e te r .  O ptical ro ta t io n s  
w ere  m e a su re d  w ith  an  O ptical A c tiv i ty  L td .  A A - 10 P o la r im e te r .  Mass 
s p e c t r a  w ere  d e te rm in e d  w ith  A .E . I .  MS 12 o r  902 s p e c t ro m e te rs .
T . l . c .  of th e  b a s e s  was c a r r i e d  o u t  on K ieselge l G p la te s  of 
0 .25  mm th i c k n e s s  d ev e lo p ed  w ith ch lo ro fo rm -m e th an o l-co n c .  ammonia 
(8 5 :1 4 :1 )  u n le s s  o th e rw ise  s t a t e d .  T he  location  of th e  b a s e s  was c a r r i e d  
o u t  b y  o x ida tion  w ith  o -c h lo ra n i l ,  followed b y  t r e a tm e n t  w ith  E h r l ic h 's  
re a g e n to  ^
1 , 2 -D im eth o x y e th an e  (DME) a n d  t e t r a h y d r o f u r a n  (TH F) w ere  
d r ie d  b y  d is ti l la tion  from p o ta ss iu m  h y d ro x id e  a n d  th e n  from sodium a n d  
b e n z o p h e n o n e  u n d e r  a rg o n  im m ediately  p r io r  to  u s e .  D ry  d ich lo rom ethane , 
m e thane  s u lp h o n y l  c h lo r id e ,  m e th an o l,  th io n y l c h lo r id e ,  a n d  t r ie th y la m in e
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187w ere  f u r n i s h e d  as d e s c r ib e d  b y  P e r r in  e t  al. N , N -D im ethylform am ide
o
(DMF) was d r ie d  u t i l is in g  3A m olecular s ie v e s  a s  d e ta i le d  b y  B u r f ie ld  
188a n d  Sm itherso  O rgan ic  so lu tions  w ere  d r ie d  w ith  a n h y d r o u s  sodium
s u lp h a te ,  a n d  s o lv e n ts  w ere  e v a p o ra te d  off u n d e r  r e d u c e d  p r e s s u r e  
below 50° C .
7. 2 E x p e r im en ta l  to C h a p te r  T h re e
7 .2 .1 .  Iso la t ion  a n d  H ydro lysis  of ( + )-E ch ina tine
( + )-E ch in a t in e  ( 6 2 ) . -  F r e s h ly  h a r v e s t e d  y o u n g  C ynoglossum
offic inale  (5 k g )  w ere  so a k e d  o v e r n ig h t  in m ethanol a n d  e x t r a c t e d
r e p e a te d ly  w ith  m e thanol u n t i l  th e  e x t r a c t s  w ere  c o lo u r le s s .  T he
com bined  m ethanol e x t r a c t s  w ere  c o n c e n t r a te d  u n d e r  r e d u c e d  p r e s s u r e .
T h e  r e s id u e  was ta k e n  u p  in m e thy lene  ch lo r id e  (100 ml) a n d  e x t r a c te d
w ith  2M s u lp h u r ic  ac id  (2 x  100 m l). T he  com bined  acidic  l a y e r s  w ere
w ash ed  w ith  m e thy lene  ch lo r id e  (4 x  100 ml) a n d  s t i r r e d  w ith  p o w d e re d
189zinc m etal (lOg) fo r  4h. A f te r  f i l t ra t io n  t h r o u g h  Celite  535, th e  
so lu tion  was made a lkaline  w ith  conc . ammonia a n d  e x t r a c t e d  w ith  ch lo ro ­
form (4 x  100 m l). T he  a q u e o u s  so lu tion  was b a s i f ie d  more s t r o n g ly  b y  
th e  ad d i t io n  of p o ta ss iu m  h y d ro x id e  a n d  e x t r a c t e d  w ith  chloroform  
(4  x  100 m l) .  T he  com bined  ch loroform  e x t r a c t s  w ere  d r i e d ,  f i l t e r e d ,  
a n d  c o n c e n t r a te d  to a l ig h t  b ro w n  foam, w hich  co n ta in e d  one major 
com ponen t,  0 .30 . P u r if ic a t io n  b y  c h ro m a to g ra p h y  on b as ic  alumina
a n d  e lu tio n  w ith  25% v / v  ch loroform  in d ich lo rom ethane  g a v e  (+ ) -e c h in a -
2 0t in e  (62) a s  a gum , 5 .06g  ( 0 . 1 %), [ ot]D + 12 .3° (c 0 .94 ,  CHCJl^)
190  2?( l i t .  7 [ a r  + 1500°, c 2 .6 ,  E tO H ); v ( th in  film) 3400, 2973,D m a x «
2936, 2885, 1728 a n d  1230 cm "1; (200 MHz) 0 .89  a n d  0 .93  ( 6 H, b o th
H
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d ,  J  6 . 8  H z, 16- a n d  17-H3) ,  1.27 (3H, d ,  J  6 . 6  Hz, 14-H3) , 1.86 (1H ,
m, 6 - H ) , 1.96 (1H , m, 6 - H ) ,  2.18 (1H , d q ,  J  6 . 8  Hz, 15 -H ),  2.62 (1H ,
d d d ,  J  10 .7 ,  7 .0  a n d  6 .1  Hz, 5 - H ) , 3 .27  (1H, d d ,  J  10.8 a n d  6 .5  Hz,
5 - H ) , 3 .37 (1H, d d ,  J  3 .0  a n d  1.5 H z, 3 - H ) , 3.60 (1H, b r  s ,  O H ), 3.88
(1H, d d ,  J  3 .1  a n d  1 .5  H z, 3 -H ) ,  3 .97 (1H , m, 8 - H ) ,  3.99 (1H, q ,  J
6 . 6  H z, 1 3 -H ) , 4 .01  (2H, b r  s ,  2 x  O H ), 4 .15 (1H, d t ,  J  6 .0  Hz, 7 - H ) ,
4 .79  a n d  4.96 (2H, A B q, J  13.4 Hz, 9 -H 2) , a n d  5.70 p . p . m .  (1H, b r  s ,
2 - H ) ; 6 (50 MHz) 15.7  a n d  17.8 (C -16  a n d  - 1 7 ) ,  17.2 (C -1 4 ) ,  32.2
( C - 1 5 ) , 33 .5  ( C - 6 ) , 54.2 ( C - 5 ) ,  61 .7  ( C - 3 ) ,  62 .0  ( C - 9 ) ,  71.6 ( C - 1 3 ) ,
74 .2  ( C - 7 ) ,  79 .7  ( C - 8 ) ,  84 .1  (C -1 2 ) ,  125.6 ( C - 2 ) ,  136.1 ( C - l ) ,  a n d
173.9 p . p . m .  ( C - l l ) ;  m /z  299 (M+) (4%), 156, 139, 138 (100%), 137,
136, 120 a n d  95 (F o u n d :  M + , 299.1735; C , 60.60; H, 8 .21; N, 4 .35 .
C 1 5 H 2 5 NO 5 r e q u i r e s  M, 299.1732; C , 60 .18; H, 8 .42; N, 4.68%).
190T he  p ic ro lo n a te  h a d  m .p .  210-212°C ( l i t .  214°C) (F ound : C , 53.4;
H, 6 .1 ; N, 12 .6 . c 2 5 H 3 3 N 50 1() r e q u i r e s  C , 53 .3 ; H, 5 .9 ; N, 12.4%).
( + ) -H e lio tr id in e  ( 3 ) . -  E ch in a tin e  (62) (1 .0 2 g ,  3.39 mmol) was
h e a t e d  a t  r e f lu x  w ith  ba r iu m  h y d ro x id e  ( 2 .0 0 g ,  11.67 mmol) in w a te r
(25 ml) fo r  4h. Solid c a rb o n  d ioxide was a d d e d  to  th e  cooled so lu tion
w hich  was th e n  f i l t e r e d .  T he  f i l t r a te  w as b a s i f ie d  to  > pH 10 w ith
p o ta ss iu m  h y d ro x id e  a n d  c o n t in u o u s ly  e x t r a c t e d  w ith ch loroform  fo r  48h
to  y ie ld  ( + ) -h e l io t r id in e  (3) (450 mg, 85%) m .p .  116-117°C (ace to n e)
( l i t . 1 9 0  m .p .  115-116° C ) ; [ a ]£ °  + 26 .6°  (c 1 .2 ,  MeOH) ( l i t . 1 9 0  [ a ]^ °
+ 3 0 .0 ° ,  c 1.6 MeOH); v (K B r) 3 310, 2880, 2620, a n d  2480 cm "1 ;— m a x .
5 (200 MHz) 1 .91 ( 2H, m, 6 - H , ) ,  2 .64 (1H, d t ,  J  10.8 a n d  6 .5  Hz,
H La *"“*
5 -H ) ,  3 .24  (1H, d t ,  J  10.7  a n d  6 .2  Hz, 5 -H ) ,  3.36 (1H , m, 3 -H ) ,  3 .80 -
136
4.15  (2H , b r  s ,  2 x  O H ), 3.85 (1H, d d ,  J  15.5 a n d  1 .9  H z, 3 -H ) ,  3.99 
(1H , m, 8 - H ) ,  4 .05  (1H, d t ,  J  5 .7  a n d  4 .5  H z, 7 -H ) ,  4 .28 (2H , s ,  9 -H -)  ,— U
a n d  5.50 p . p . m .  (1H, d ,  J  1.5  Hz, 2 -H );  <5c (50 MHz) 33.0 ( C - 6 ) ,
53.5  ( 0 5 ) ,  58.6 ( 0 9 ) ,  61 .4  ( 0 3 ) ,  74.2 ( 0 7 ) ,  79 .3  ( 0 8 ) ,  121.8 ( 0 2 ) ,  
a n d  140.9 p . p . m .  ( O l ) ; m /z 155 (M+) (13%), 111 a n d  80 (100%)
(F o u n d :  M + , 155.0951; C , 62.18; H, 8 .51 ; N , 9 .05 . C gH 3N 0 2
r e q u i r e s  M, 155.0946; C , 61 .91; H, 8 .44; N, 9.03%).
( - ) -V i r id i f lo r ic  ac id  (67) . -  T he  so lu tion  w as ac id if ied  w ith
4M h y d ro c h lo r ic  acid , so lu tion  a n d  c o n t in u o u s ly  e x t r a c t e d  w ith  d ie th y l-
e t h e r  fo r  48h to  y ie ld  ( - ) -v i r id i f lo r ic  ac id  (67) (440 m g, 80%), m .p .
191120-121°C (e th y l  a c e ta te :p e t ro le u m  e t h e r  b . p .  40-60°C , 1:1) ( l i t .  m .p .
119-120°C); [ a ]^ °  -  2 .1 °  (c ,  3 .0 ,  H 2 0 )  ( l i t . 1 9 1  [ a ] ^ °  -  2 .2 ° ,  c 1 .1 ,
H .,0 ) ;  v (CHCJU) 2966, 2566, a n d  1705 cm” 1; 6 D (90 MHz) 0 .932 m ax. 3 H
a n d  0 .95  ( 6 H, b o th  d ,  J  6 . 6  Hz, 6 -  a n d  7 -H 3) ,  1.21 (3H, d ,  J  7 .0  Hz, 
4 -H 3) ,  2 .14 (1H , m, 5 -H ) ,  4 .08 (1H, q ,  J  7 .0  Hz, 3 -H ) ,  5.37 (2H, b r  s ,
2 x  O H ), a n d  8 .70 p . p . m .  (1H, b r  s ,  C O O H ); (25 MHz, D 2 0 )  18.0
a n d  19.5 (C - 6  a n d  - 7 ) ,  19.2 ( C - 4 ) , 34 .7  ( C - 5 ) ,  72 .7  ( C - 3 ) ,  86.3 ( C - 2 ) ,  
a n d  179.4 p . p . m .  ( C - l ) ;  m /z  118 (M+ -44) ( 8 %), 103, 85, 57, 56, 45 a n d  
43 (100%) (F o u n d : M + , 118.0998. CgH - ^ 0 2 r e q u i r e s  M, 118.0995.
F o u n d :  C , 51.73; H, 8 .8 7 .  C ?H 1 4 0 4  r e q u i r e s  C , 51.82; H , 8.70%).
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7 .2 .2  S y n th e s is  of (+ )-H e lio tr id in e
( + ) -R e tro n e c in e  (2 7 ) . -  R e t ro r s in e  ( 6 8 ) was o b ta in e d  b y
m ethanolic e x t ra c t io n  of Senecio  i s a t id e u s  g row n in  a g re e n h o u s e .
R idde lline  (69) w as f u r n i s h e d  b y  c ry s ta l l iz a t io n  of th e  m other  l iq u o rs
p r o v id e d  b y  D r .  R . J .  M olyneux a s  m en tioned  p re v io u s ly  (se e  Sec tion  3 .3 ) .
T he  a lka lo id  was o r ig in a lly  p ro v id e d  b y  m ethanolic  e x t ra c t io n  of
192S. r id d e l l i i . A lkaline  h y d r o ly s i s  of b o th  ( 6 8 ) a n d  (69) p ro v id e d  
sam ples of ( + ) - r e t ro n e c in e  (27) (90-95% y i e l d ) , m .p .  119-120°C (ace to n e)  
( l i t . 1 0 4  m .p .  1 2 0 -121°C ); [ct] ^ 6 + 45 .1°  (c 1 .2 ,  MeOH) ( l i t . 9 7  [ a ] ^ 6
+ 5 5 .0 ° ,  c 1 .0  E tO H ); v (K B r) 3330, 2865, a n d  1315 c m '1 ; 6max • ti
(90 MHz, D 2 0 )  2.00 (2H , m, 6 - H 2) ,  2.66 (1H, d t ,  J  12.0 a n d  6 .0  Hz-, 
5 -H ) ,  3 .17  (1H, d t ,  J  8 . 8  a n d  7 .2  H z, 5 -H ) ,  3.36 (1H , d d ,  J  14.9 an d
2 .0  H z, 3 -H ) ,  3 .80  (1H, d d ,  J  15.1 a n d  2 .0  H z, 3 -H ) ,  4 .14 (1H, b r  m,
8 - H ) , 4 .24  ( 2H, s ,  9 -H 2) , 4.39 (1H, m, 7 -H ) ,  a n d  5 .75 p . p . m .  (1H, d ,
J  2 .0  H z, 2 -H ); <$c (25 MHz, D 2 0 )  37.8 ( C - 6 ) ,  55 .1  ( C -5 ) ,  60 .8  ( C - 3 ) ,
63 .7  ( C - 9 ) ,  72.9 ( C - 7 ) ,  78.8 ( C - 8 ) , 127.3 ( C - 2 ) ,  a n d  139.7 ( C - l ) ;  
m /z  155 (M+) (21%), 138, 111, 94, 81, a n d  80 (100%) (F o u n d ;  M + ,
155.0947, C , 61.86; H, 8 .52 ; N, 9 .1 1 .  C gH 1 3 N 0 2 r e q u i r e s  M,
155.0947; C , 61 .94; H , 8 .39; N , 9.03%).
9 -B e n z o y lre t ro n e c in e  (70 ) . -  Benzoic ac id  (0 .8 0 g ,  6 .55  mmol)
a n d  CDI ( 1 .1 5 g ,  7 .09 mmol) w ere  a d d e d  to d r y  THF (80 ml) a n d  s t i r r e d
49 50u n d e r  an  a rg o n  a tm o s p h e re  a t  20°C fo r  30 min. * R e t ro n e c m e  
(0 .5 0 g ,  6 .45  mmol) was a d d e d  a n d  th e  r e a c t io n  m ix tu re  w as s t i r r e d  a t  
th i s  te m p e r a tu r e  fo r  a f u r t h e r  18h. T he  o rg a n ic  so lu tion  w as w ashed  
w ith  s a t u r a t e d  sodium b ic a rb o n a te  (3 x  20 m l) ,  s a t u r a t e d  b r in e  so lution
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(1 x  20 ml) a n d  d r ie d  o v e r  a n h y d r o u s  N a 2 SO^. T he  so lu tion  was
f i l t e r e d  a n d  e v a p o ra te d  to d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e  to  y ie ld  (70)
a s  a l ig h t  yellow oil, 0 .34 (1 .5 5 g ,  5.98 mmol, 93%); + 10-0°
(c  2 .2 ,  C H C £ J ;  v ( C C £ J  2855, 1725 a n d  1266 cm- 1 ; (90 MHz)
3 max * Tt h
1.90 ( 2H , m, 6 - H 2) ,  2 .64 (1H , m, 5 -H ) ,  3.40 (2H , m, 3- a n d  5 -H ) ,  3.73 
(1H , m, 3 -H ) ,  3.99 (1H, m, 8 - H ) ,  4 .21  (1H , m, 7 - H ) , 4 .50 (1H, b r  s ,  
O H ),  4 .62 a n d  4 .80  (2H , A B q, J  13.2 H z, 9 -H 2) , 5 .52 (1H, s ,  2 -H ) ,  
a n d  7 .0 5 -7 .8 1  p . p . m .  (5H, m, A r-H )  ; 6 c (25 MHz) 34.4 ( C - 6 ) ,  53 .7  
( C - 5 ) , 61 .3  a n d  62 .9  (C -3  a n d  -9) , 74.6 ( C - 7 ) , 79 .2  ( C - 8 ) ,  121.7 ( C - 2 ) ,
127.8 (C -1 2 ) ,  128.5 a n d  129.5 (C -13  a n d  -1 4 ) ,  133.2 ( C - l ) ,  134.4 
( C - 1 5 ) , a n d  166.1 p . p . m .  ( C - l l ) ;  m /z  259 (M+) (2%), 154, 137, 122,
105, 93, a n d  77 (100%) (F o u n d : M + , 259.1217; C , 69,59; H, 6 .3 4 ;
N, 5 .61 .  C 1 5 H 1 ?N 0 3 r e q u i r e s  M, 259.1209; C , 69.47; H, 6 .61; N,
5.40%).
9 -B e n z o y l-7 -m e th a n e s u lp h o n y l  r e t r o n e c in e  (71 ) . -  9_B en zo y l-
r e t r o n e c in e  (70) (1 .5 5 g ,  5.98 mmol) w as d is so lv e d  in  d r y  d ich lo rom ethane
(50 ml) a t  -10°C  u n d e r  an  a tm o sp h e re  of a rg o n .  T r ie th y lam in e  (0 .9 1 g ,
1.25 ml, 9.01 mmol) a n d  m e th a n e s u lp h o n y lc h lo r id e  (0 .8 9 g ,  0.60 ml, 7 .77
mmol) w ere  a d d e d  s e q u e n t ia l ly  v ia  s y r in g e ,  a n d  th e  re a c t io n  was th e n
89s t i r r e d  a t  -10°C  fo r  90 min. T he  re a c t io n  m ix tu re  was th e n  w ash ed
in t u r n  w ith  equa l  vo lum es (50 ml) of ic e -w a te r ,  s a t u r a t e d  sodium
b ic a rb o n a te  so lu t io n ,  a n d  b r in e .  T he  o rg an ic  so lu tion  was d r ie d  o v e r
a n h y d r o u s  N a2 SO^ an d  th e  s o lv e n t  rem o v e d  in  v acu o  to le av e  (71) a s  a
l ig h t  am b er  oil, 0 .50 ( 1 .2 0 g ,  3 .55 mmol, 60%); " 7 .3 °  (c 6 .3 ,
CHCJU); v (C H C & J  3005, 1723, 1673 a n d  1272 cm” 1; (90 MHz)o m a x • 3 H
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1.91 (2H , m, 6 - H 2) ,  2.72 (1H, m, 5 -H ) ,  3.05 (3H, s ,  CH 3) , 3 .40 (1H, 
m, 5 -H ) ,  3.52 (1H, m, 3 -H ) ,  3 .87 (1H , m, 3 -H ) ,  4 .25  (1H, m, 8 - H ) ,
4 .90 a n d  4 .99  ( 2H, A B q, J  13.9 Hz, 9 -H 2) , 5,20 (1H , m, 7 - H ) , 5 .72 ( 1H, s ,
2-H) , a n d  7 .4 0 -8 .0 5  p . p . m .  (5H, m, A r - H ) ;  6 c (25 MHz) 34.6 ( C - 6 ) ,
39.4  (C H 3) ,  54.0 ( C - 5 ) , 60 .4  a n d  61 .1  (C -3  a n d  - 9 ) ,  76 .7  ( C - 7 ) ,  78 .9  
( C - 8 ) ,  124.2 ( C - 2 ) ,  128.3 a n d  128.7 (C -13  a n d  - 1 4 ) ,  129.8 (C -1 2 ) ,
132.3 ( C - 1 5 ) , 133.6 ( C - l ) ,  a n d  166.2 p . p . m .  ( C - l l ) ;  m /z 337 (M+)
(2%), 215, 120, a n d  105 (100%) (F o u n d : M + , 337.0987; C , 57.43;
H, 5 .73 ; N , 4 .01 .  C -^ H ^ N O g S  r e q u i r e s  M, 337.0984; C , 57.26, H, 
5 .67 ; N, 4.17%).
Caesium  p ro p io n a te  . -  Caesium  c a rb o n a te  d ih y d r a t e  (2 9 .0 g ,
80 .1  mmol) was d is so lv e d  in A n a la r  m ethanol (150 ml) w ith  s t i r r i n g  a t  
9030°C o v e r  15 min. P rop ion ic  ac id  was d r ie d  a n d  a p o r t io n  (1 3 .0 g ,
176.2 mmol) in m ethanol (50 ml) w as a d d e d  d ro p w ise  o v e r  30 min. The
re a c t io n  m ix tu re  was th e n  s t i r r e d  fo r  a f u r t h e r  90 min, b e fo re  th e
s o lv e n t  was rem o v e d  u n d e r  r e d u c e d  p r e s s u r e  to  le av e  a w hite  p o w d er .
T h e  p o w d e r  was w ash ed  w ith  d ie th y l  e th e r  (100 ml) a n d  d r i e d  o ver
p a s t i l l a te d  p a ra f f in  a n d  p h o s p h o r u s  p e n to x id e  fo r  24h u n d e r  r e d u c e d
p r e s s u r e  to  le av e  p u r e  caesium p ro p io n a te  (2 8 .0 g ,  136.2 mmol, 85%),
m .p .  184-186°C ( d e c . ) ;  v (K B r)  2975, 2920, a n d  1560 cm "1;m a x .
6 (90 MHz, D 2 0 )  0 .96 (3H , t ,  J  6 .1  H z, CH 3) a n d  2.18 p . p . m .  (2H,
q ,  J  5 .8  H z, CH 2) (F o u n d :  C , 17.43; H, 2 .58. C ^ C ^ C s  r e q u i r e s  
C , 17.48; H , 2.43%).
Caesium b e n z o a te . -  Caesium c a rb o n a te  d ih y d r a t e  (27. 5g,
76 .0  mmol) in m ethanol (150 ml) a n d  benzo ic  ac id  (2 0 .4 g ,  167.2 mmol)
in  m ethano l (75 ml) w ere  r e a c te d  in an ana logous  m a n n e r  to  th e  p re v io u s  
90p r e p a r a t io n ,  to  p ro v id e  caesium  b e n z o a te  a s  w hite  c r y s t a l s  (2 7 .2 g ,
107.2 mmol, 70.5%), m .p .  > 230°C ( d e c . ) ;  v (K B r)  3060, 1632, a n dm a x .
1340 cm "1; 6 (90 MHz, D 9 0 )  7.56 (3H, m, 4 -H 9 a n d  5-H) a n d  7.99
H & u
p . p . m .  ( 2H , m, 3 -H 2) (F ound : C , 33.21; H, 2 .12 . C ^ C ^ C s
r e q u i r e s  C , 33 .08; H, 1.96%).
9 -B e n z o y l-7 -p ro p io n y l  h e l io tr id in e  ( 72) . -  Caesium  p ro p io n a te
( 1 .2 2 g ,  5.94 mmol) was a d d e d  to  a r a p id ly  s t i r r e d  so lu tion  of d r y  DMF
(60 ml) u n d e r  a n i t r o g e n  a tm o s p h e re .  T he  k e y  in te rm e d ia te  9 -b en zo y l-
7 -m e th a n e su lp h o n y l  r e t r o n e c in e  (72) (0 .5 0 g ,  1.48 mmol), in d ry  DMF
( 2  ml) was a d d e d  d ro p w ise  o v e r  a p e r io d  of 1 0  min, a n d  th e  re a c t io n
90so lu tion  was th e n  h e a te d  a t  85°C fo r  18h. A f te r  cooling to  20°C o v e r  
a f u r t h e r  1 2 h ,  th e  so lv e n t  was rem oved  to leave  a d a rk  b ro w n  r e s id u e .  
T h is  r e s id u e  was ta k e n  up  in ch loroform  (10 ml) a n d  th e n  e x t r a c t e d  with 
4M h y d ro c h lo r ic  ac id  so lu tion  (2 x  10 m l) .  T he  com bined acidic l a y e r s  
w ere  w a sh e d  w ith  ch loroform  (5 x  10 m l) ,  a n d  th e  pH of th e  aq u e o u s  
p h a s e  was r a i s e d  to  > pH 9 w ith conc . ammonia so lu tion .  T he  a lka line  
so lu tion  was e x t r a c t e d  w ith  ch loroform  (2 x  50 m l ) , a n d  th e  pH was 
f u r t h e r  in c r e a s e d  b y  th e  ad d i t io n  of sodium h y d ro x id e .  E x t ra c t io n  with 
ch lo roform  (2 x  50 ml) a n d  d ry in g  of th e  com bined  o rg an ic  l a y e r s  o v e r  
a n h y d ro u s  N a 2 SO^, followed b y  f i l t r a t io n  a n d  rem oval of th e  so lv en t  
in  v a c u o , l e f t  th e  t i t le  com pound (72) as  an  am ber  oil, 0 .54 (0 .3 5 g ,
1 .11 mmol, 75.1%); [ a ] * 3 -  14 .2° (c  2 .0 ,  C H C & J ;  (CHCiU)
O <3 I l ld X  • Z)
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3020, 2950, 1720,1672, a n d  1273 cm 1 ; 6 u (90 MHz) 1 .07 (3H , t ,  J  6 .0
H —
Hz, C H 3) ,  1.94 ( 2H, m, 6 - H 2) , 2 .25 (2H, q ,  J  5.7  Hz, CH 2) ,  2.67 (1H, 
m, 5 -H ) ,  3.20 (1H, m, 5 -H ) ,  3 .32 (1H , m, 3-H ), 3.90 (1H , m, 3 -H ),
4 .09  (1H , m, 8 - H ) ,  4 .99  a n d  5.04 (2H , A B q, J  14.5 Hz, 9 -H 2) , 5 .09
(1H , m, 7 - H ) , 5.75 (1H, d ,  J  2 .1  Hz, 2 -H ) ,  a n d  7 .4 3 -8 .0 4  p . p . m .  (5H,
m, A r - H ) ;  6 C (25 MHz) 20.5 (C H 3) ,  34.7  ( C - 6 ) ,  39.0 (C H 2) ,  54.6 
( C - 5 ) , 60 .1  a n d  60.7 (C -3  a n d  - 9 ) ,  76.5 a n d  78.5 (C -7  a n d  - 8 ) ,  124.6 
(C -2 ) ,  128.3 a n d  128.6 (C -13  a n d  -1 4 ) ,  129.8 (C -1 2 ) ,  132.9 (C -1 5 ) ,
133.6 ( C - l ) ,  166.7 ( C - l l ) ,  a n d  174.8 p . p . m .  (C -1 7 ) ;  m /z  315 (M+) 
(5%), 210, 194, 136, 119, a n d  105 (100%) (F o u n d :  M + , 315.1470;
C , 68 .79 ; H, 6 .67 ; N, 4 .07 .  ^  i s 1121^  ^ 4  re<4u *r e s  M.' 315.1485;
C , 68 .57; H , 6 .67 ; N , 4.44%).
7, 9 -D ib en zo y lh e lio tr id in e  ( 73) . -  Caesium  b e n z o a te  ( 1 .5 1 g ,
5 .94  mmol) in d r y  DMF (60 ml) a n d  9 -b e n z o y l-7 -m e th a n e su lp h o n y l
90r e t r o n e c in e  (71) in d r y  DMF (2 ml) w ere  r e a c te d  a s  above  to  p ro v id e
th e  d ie s t e r  (73) as  a l ig h t  b row n  foam, 0 .59  (0 .3 6 g ,  0.99 mmol,
?067.0%); [ a ] ^  -  8 .4 °  (c 2 .8 ,  CHCJU); v (CHC)U) 3015, 2935,O — d  m3,x» d
a n d  1673 cm” 1; 6 u (90 MHz) 1.87 (2H, m, 6 - H J ,  2 .69 (1H, m, 5 -H ) ,
H ^
3.36 ( 2H, m, 3- a n d  5 -H ) ,  3.68 (1H, m, 3 -H ) ,  3.97 (1H , m, 8 - H ) ,  4.95 
a n d  5 .04 (2H, A B q , J  15.1 Hz, 9 -H 2) , 5 .14 (1H, m, 7 -H ) ,  5 .75 (1H , d , 
J  1 .9  H z, 2 -H ) ,  a n d  7 .4 0 -8 .0 5  p . p . m .  (10H, m, A r -H ) ;  6 C (25 MHz)
34.6 ( C - 6 ) ,  54 .3  ( C - 5 ) ,  60 .2  a n d  61.0  (C -3  a n d  - 9 ) ,  76 .6  a n d  78 .7  
(C -7  a n d  - 8 ) ,  124.5 ( C - 2 ) ,  128.3 , 128.5, 128,6 a n d  128.7 (C -13 ,  -14 , 
-19  a n d  - 2 0 ) ,  129.8 a n d  129.9 (C -12  a n d  - 1 8 ) ,  132.0 a n d  132.4 (C -15  
a n d  - 2 1 ) ,  133.9 ( C - l ) ,  166.5 a n d  166„9 p . p . m .  ( C - l l  a n d  -1 7 ) ;  m/z^ 
363 (M+) (3%), 259, 136, 122, 120, 119, a n d  105 (100%) (F o u n d :  M + ,
363.1475; C , 72.89; H, 5 .66; N, 4 .07 .  C-2 2H 2 l N ° ^  r e q u i r e s  M,
363.1470; C , 72.73; H, 5 .79; N , 3.86%).
(+ ) -H e lio t r id in e  ( 3 ) . -  T he  two p y r ro l iz id in e  d ie s t e r s ,  ( 72) a n d
192(7 3 ) ,  w ere  h y d r o ly s e d  w ith  alkali to y ie ld  sam ples of (+ ) -h e l io t r id in e  
[72% from (72) a n d  67% from (7 3 ) ] .  T he  a n a ly s is  of th e  f r e e  b a s e  (3) 
a g r e e d  in all r e s p e c t s  w ith  t h a t  of n a tu r a l  (+ ) -h e l io t r id in e  ( s e e  Section  
7 . 2 . 1 ) .
7 .2 .3  S y n th e s i s  of M acrocyclic B is lac tones
G enera l p r o c e d u r e . -  T he  a n h y d r id e  (0 .3 5  mmol) was a d d e d  to 
a so lu tion  of (+ ) -h e l io t r id in e  (3) (0 .30  mmol) in  d ry  DME (10 ml) u n d e r  
a n i t r o g e n  a tm o sp h e re .  A f te r  24h, t r ip h e n y lp h o s p h in e  (0 .60  mmol) a n d  
2 , 2 ' - d i th io d ip y r id in e  (0 .60  mmol) w ere  a d d e d ,  a n d  th e  m ix tu re  was 
s t i r r e d  v ig o ro u s ly  fo r  48h. T he hom ogeneous so lu tion  was t r a n s f e r r e d  
b y  s y r in g e  o v e r  15 min to d r y  DME (150 ml) h e a te d  a t  r e f lu x  u n d e r  
n i t r o g e n .  H ea ting  a t  r e f lu x  was c o n t in u e d  fo r  14h. T he  so lu tion  was 
cooled a n d  c o n c e n t r a te d  to  an  oil w hich was d is so lv e d  in chloroform  
(10 m l). T he  ch loroform  so lu tion  was e x t r a c t e d  w ith 1M c i tr ic  ac id  
( 4 x 8  m l) .  T he  acid ic  so lu tion  was w ash ed  w ith  ch loroform  (4 x  10 ml) 
a n d  made a lka line  w ith  conc .  ammonia. T he  b a s ic  so lu tion  was 
e x t r a c t e d  with ch loroform  (4 x  15 m l) .  T he  chloroform  e x t r a c t s  w ere  
d r ie d ,  f i l t e r e d ,  a n d  c o n c e n t r a te d  to an  oil, w hich  w as p u r i f i e d  b y  
c h ro m a to g ra p h y  on b as ic  alumina a n d  e lu tion  w ith  d ich lo rom ethane  [(75) 
a n d  ( 7 9 ) ] ,  o r  w ith  in c re a s in g  p ro p o r t io n s  (5-20%) of ch loroform  in 
d ich lo ro m eth an e  [(78 )  a n d  ( 8 0 ) - ( 8 2 ) ] .
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( +)~7,9~Q ,0 '~ (  3, 3-D im e th y lg lu ta ry l)  h e l io tr id in e  (75) was
o b ta in e d  as  n e e d le s ,  m .p .  90-92°C (cy c lo h ex an e )  (55 mg, 0 .197 mmol,
2061%), R f 0 .5 3 ;  [aru + 9 .6°  (c 2 .7 ,  C H C £ ,) ;  v (C H C & J  2955,
I O — 0 IHclX • o
2923, 1733, 1415, a n d  1258 cm "1; (200 MHz) 1.20 ( 6 H, s ,  17- a n d
18-H 3) ,  1.89 (1H , m, 6 - H ) ,  2.14 an d  2.39 (2H, A B q , J  13.3 Hz, 12- 
o r  14-H2) ,  2.18 a n d  2 .29 (2H, A B q, J  14.9 Hz, 14- o r  12-H2) , 2.34 
(1H , m, 6 - H ) ,  2 .59  (1H, d d d ,  J  12 .3 , 9 .7  a n d  5 .5  H z, 5 -H ) ,  3.37 (1H, 
d ,  J  15.3 H z, 3 -H ) ,  3 .39  (1H, d d ,  J  9 .4  a n d  7 .5  H z, 5 -H ) ,  3 .87 (1H, 
d d ,  J  15.5 a n d  1.4 H z, 3 -H ) ,  4 .00 (1H, m, 8 - H ) ,  4 .44  a n d  5.05 (2H,
A B q , J  13.0 Hz , 9 -H 2) , 4 .71  (1H, d d d ,  J  12 .7 , 8 .3  a n d  8 .2  Hz, 7 -H ) ,  
a n d  5 .62 p . p . m .  (1H, s ,  2 -H );  6 c (50 MHz) 29.5 a n d  30.4 (C -17  an d  
- 1 8 ) ,  32 .9  ( C - 6 ) ,  33.6 (C -1 3 ) ,  44 .1  a n d  44 .9  (C-12 a n d  - 1 4 ) ,  54.1 
( C - 5 ) ,  59.8 a n d  62 .4  (C -3  a n d  - 9 ) ,  74.2 ( C - 7 ) ,  79 .7  ( C - 8 ) ,  125.9 
( C - 2 ) ,  136.5 ( C - l ) ,  170.9 a n d  171.7 p . p . m .  (C - l l  a n d  -1 5 ) ;  m /z  279 
(M+) (18%), 220, 137, 136, 120, 119 (100%), 118, 117 a n d  93 
(F o u n d :  M + , 279.1469; C , 64.66; H, 7 .78; N, 4 .52. C 1 5 H 2 ] N 0 4
r e q u i r e s  M, 279.1470; C , 64.49; H, 7 .58; N, 5.01%).
(+ ) ~ 7 , 9 - 0 ,  O' -  ( 3 , 3 -T e t ra m e th y le n e g lu ta ry l )  h e l io tr id in e  (78) was
o b ta in e d  a s  p r i s m s ,  m .p .  94-96°C (cy c lo h ex an e )  (56 mg, 0.184 mmol, 57%),
R / 0 . 7 5 ;  [ a ] 20 + 7 .88°  (c 3 .3 ,  CHCJL).; v (C H C L) 2965, 2915,1745,1438, £ , l d — 3 max. 3
a n d  1178 cm "1 ; 6 „ (200 MHz) 1 .1 5 -1 .8 2  ( 8H, m, 17-, 18-, 19- a n dH
20-H 2) ,  1 .8 0 -2 .0 8  (1H , m, 6 - H ) ,  2 .3 0 -2 .4 5  (4H, m, 12- a n d  14-H2) , 
2 .4 8 -2 .6 1  (1H, m, 6 - H ) ,  2 .8 5 -3 .0 0  (1H , m, 5 -H ) ,  3 .42 (1H, d ,  J  15.0 
Hz, 3 -H ) ,  3 .57  (1H , m, 5 -H ) ,  4 .01  (1H , d ,  J  14.8 H z, 3 -H ) ,  4 .08 (1H, 
m, 8 - H ) ,  4 .56 a n d  5.05 (2H, A B q , J  13.5 H z, 9-H 2) , 4 .80  (1H, d d d ,  J
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12 .9 , 8 .1  a n d  7 .5  Hz, 7 -H ) ,  a n d  5.62 p . p . m .  (1H, s', 2 -H ); 5 c (50 MHz).
23.2 a n d  23 .9  (C -18 a n d  -1 9 ) ,  31.7 ( C - 6 ) ,  34.2 a n d  35.2 (C -17  a n d  -2 0 ) ,
44 .1  a n d  44 .4  (C -12  a n d  -1 4 ) ,  45.0 (C -1 3 ) ,  53.9 ( C -5 ) ,  59 .8  a n d  61 .7  
(C -3  a n d  - 9 ) ,  69 .1  ( C - 7 ) ,  76 .2  ( C - 8 ) ,  124.1 ( C - 2 ) ,  136.3 ( C - l ) ,  171.2 
a n d  171.9 p . p . m .  ( C - l l  a n d  -1 5 ) ;  m /z 305 (M+) (5%), 278, 277 (100%), 
199, 185, 136, 120 a n d  119 (F o u n d :  M+, 305.1631; C , 66 .66; H, 7 .70;
N, 4 .8 6 .  ^ 1 7 ^ 2 3 ^ ^ 4  re<4u *r e s  M.» 305.1627; C , 66.86; H, 7 .59; N,
4.59%).
( + )~ 7 ,9 ~ Q ,Q '- ( 3, 3-P e n ta m e th y le n e g lu ta ry l )h e l io t r id in e  (79) was
o b ta in e d  as  n e e d le s ,  m .p .  101-102°C (c y c lo h e x a n e )  (4 9 .1  m g, 0.154
20mmol, 41%), R . 0 .69; [ a r  + 6 . 0 °  (c 5 .0 ,  CHCJU); v (CHC)U)’ f D — 3 m ax. 3
2934, 1732, 1454, 1231, a n d  1158 cm "1; 6 o (200 MHz) 1 .3 3 -1 .7 2  (10H,
m, 17-, 18-, 19-, 20- a n d  21-H 2) , 1 .8 0 -2 .0 5  (2H, m, 6 -H 2) , 2 .27 a n d  
2 .38 ( 2H, A B q, J  15.1 Hz, 14- o r  12-H 2) ,  2 .30 a n d  2.43 (2H, A B q, J
13.5 H z, 12- or 14-H 2) , 2.62 (1H, d d d ,  J  12 .5 , 9 .7  a n d  5 .5  Hz, 5 -H ) ,
3.40 (1H , d ,  J  14.5 H z, 3 -H ) ,  3.41 (1H, d d ,  J  9 .7  a n d  7.5 H z, 5 -H ) ,
3 .85  (1H , m, 3 -H ) ,  4.01 (1H, m, 8 -H ) ,  4 .41 a n d  5.15 (2H, A B q, J
12.9 H z, 9 -H 2) ,  4 .72  (1H, d d d ,  J  10 .8 , 8 .3  a n d  6 .3  H z, 7 -H ) ,  a n d  
5.66 p . p . m .  (1H , s ,  2 -H ); 5 c (50 MHz) 21.5  a n d  21.6 (C-18 a n d  -2 0 ) ,
25.8 (C - 1 9 ) ,  32.2 ( C - 6 ) ,  36 .4  (C -1 3 ) ,  37 .0  a n d  37.9 (C -17  a n d  -2 1 ) ,
41 .9  a n d  42 .4  (C -12  a n d  -1 4 ) ,  54.2 ( C - 5 ) ,  59.8 a n d  62.6  (C -3  a n d  - 9 ) ,
75.8  ( C - 7 ) ,  77.5 ( C - 8 ) ,  126.3 ( C - 2 ) ,  136.7  ( C - l ) ,  171.1 (C -15)  a n d
177.1 p . p . m .  ( C - l l ) ;  m /z  319 (M+) (6%), 277, 149, 136, 120 a n d  119
(100%) (F o u n d : M+, 319.1784; C , 67.49; H, 7 .58; N , 4 .57 .
c 1 8 H 2 5 N 0 4 r e q u i r e s  M, 319.1783; C , 67.69; H , 7 .89; N , 4.39%).
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( +)~7, 9 ~Q , O '- ( G lu ta ry l )h e l io t r id in e  (80) was o b ta in e d  a s  a
pa le  yellow oil w hich could  n o t  b e  c r y s ta l l i s e d ,  ( 2 0  mg, 0.080 mmol,
2041%), R- 0 .51; [ a r  + 3 .3 °  (c 1 .2 ,  C H C Jl,) ;  v (C H O U ) 2980,I D “  j  IHEX • j
2935, 1735, 1278, a n d  1183 cm "1; 6  (200 MHz) 1 .1 2 -1 .3 4  (2H , m,
H
13-H2) ,  1 .4 3 -1 .6 0  (1H, m, 6- H ) ,  2 .0 0 -2 .1 1  (2H, m, 12- a n d  14-H ), 
2 .2 4 -2 .6 4  ( 4H , m, 5 -, 6 - ,  12- a n d  14 -H ),  3.41 (1H, d ,  J  10.0 Hz, 3 -H ) ,  
3.56 (1H, m, 5 -H ) ,  4 .05 (1H, d d ,  J  10.1 a n d  1 .5  H z, 3 -H ) ,  4.18 (1H, 
m, 8 - H ) ,  4 .82 a n d  4 .94  (2H, A B q, J  15.0 Hz, 9 -H 2) , 5.01 (1H, d d d ,
J  9 .7 ,  7 .7  a n d  7 .5  H z, 7 -H ) ,  a n d  5.53 p . p . m .  (1H, s ,  2 -H ); 6 c 
(50 MHz) 20.9  (C -1 3 ) ,  31.9 ( C - 6 ) ,  33.6 a n d  34 .7  (C -12  a n d  - 1 4 ) ,  53.8 
(C - 5 ) ,  61 .0  a n d  61.8  (C -3  a n d  - 9 ) ,  75.5 a n d  75.6 (C -7  a n d  - 8 ) ,  122.1 
(C - 2 ) ,  137.1 ( C - l ) ,  172.6 a n d  172.7 p . p . m .  ( C - l l  a n d  -1 5 ) ;  m /z  251 
(M+) (13%), 136, 120, 119, 93 a n d  59 (100%) (F o u n d :  M + , 251.1158;
C , 61 .91; H, 6 .60 ; N, 5 .83 .  C 1 3 H 1 7 N 0 4  r e q u i r e s  M, 251.1157;
C , 62.14; H, 6 .82 ; N, 5.57%).
T h e  p ic ro lo n a te  h a d  m .p .  192-194°C (F o u n d : C , 53.51;
H, 4.58", N , 13.65. ^ 2 3 ^ 2 5 ^ 5 ^ 9  re<4u i r e s  C» 53.59; H , 4 .85 ; N,
13.59%).
7, 9 - 0 , 0 ' - [  ( 2R, 4 S ) - D im e th y lg lu ta ry l ]h e l io t r id in e  (81) a n d  7 ,9 -0 ,0 '-  
[ ( 2 S , 4R) -  d im e th y lg lu ta ry l ]  h e l io tr id in e  (82) w ere  o b ta in e d  as  a m ix tu re  
of d ia s te re o iso m e rs  w hich  cou ld  n o t  b e  s e p a r a t e d ,  (1 5 .3  mg, 0.055 mmol, 
40%), R ,  0 .55; v (CHC)U) 2963, 2930, 1734, 1456, 1260, a n dx nicix * j
1184 cm "1 ; 6 n (200 MHz) 1 .0 9 -1 .4 2  ( 6 H, m, 17- a n d  1 8 -H ,) ,  1.46
H 5
( 1 /3H , m, 13H ), 1 .51 (2 /3H , m, 13 -H ), 1 .9 5 -2 .6 3  ( 6 H, com plex , 5 - ,
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12-, 13-, 14-H a n d  6 - H 2) , 3 .3 0 -3 .4 5  (2H, m, 3- a n d  5 -H ),  3.86 (2 /3 H , 
m, 3 -H ) ,  3 .92 (1 /3H , m, 3 -H ) ,  4 .15  (2 /3 H , m, 8 - H ) ,  4.30 (1 /3H , m,
8 - H ) ,  4 .61  a n d  4 .90  (2 /3H , A B q, J  14.0 Hz, 9 -H 2) ,  4.73 a n d  4 .90 (4 /3  
H, A B q , J  14.1 H z, 9 -H 2) , 4.86 (1 /3H , m, 7 -H ) ,  5 .08 (2 /3 H , d d d ,  J
13 .0 , 8 .9  a n d  6 .3  Hz, 7 -H ) ,  5 .45 (1 /3 H , s ,  2 -H ) ,  a n d  5.55 p . p . m .
( 2 /3 H , s ,  2 -H );  6 c (50 MHz) 17 .9 ,  18 .2 ,  19.4 a n d  19.6 (C -17  a n d  -1 8 ) ,
31 .9  a n d  32.0 ( C - 6 ) ,  38.8 a n d  39 .7  (C -1 3 ) ,  39 .2 , 39 .4 , 39.6 a n d  39.7 
(C -12  a n d -14) , 53.8 a n d  53.9 ( C - 5 ) ,  60 .5 ,  61 .6 , 61.7  a n d  62 .1  (C -3  a n d -9) ,
7 5 .1 ,  7 5 .2 ,  75 .5  a n d  75.8 (C -7  a n d  - 8 ) ,  120.6 a n d  122.9 ( C - 2 ) ,  137.3 
a n d  137.7 ( C - l ) ,  174 .8 , 175.2 , 175.6 a n d  175.7 p . p . m .  ( C - l l  a n d  -1 5 ) ;  
m /z  279 (M+) (11%), 206, 136, 120, 119 (100%) a n d  117 (F o u n d :  M + ,
279.1474; C , 64 .66; H, 7 .70; N , 4 .86 . C 1 5 H 2 1 N0 4  r e q u i r e s  M,
279.1470; C , 64 .49 ; H, 7 .58 ; N , 5.01%).
An X - r a y  c r y s t a l  s t r u c t u r e  a n a ly s is  of ( + ) - 7 , 9 ~ 0 , 0 ' - (  3, 3-
193d im ethy l g lu ta ry l )  h e l io t r id in e  (75) was c a r r i e d  o u t  b y  D r .  A. A . F r e e r .
7. 3 E x p er im en ta l  to  C h a p te r  F ive
2
7 .3 .1  S y n th e s i s  of H - lab e l led  P u t r e s c in e s  
2
[ 1 , 1 , 4 , 4 -  H ^ jP u t r e s c in e  (103) D ih y d ro c h lo r id e . -  1 ,2 -D ic y an o -
e th a n e  ( su c c in o n i t r i le )  (2 .5 0 g ,  31.3  mmol) was a d d e d  to  a s u s p e n s io n  of
p la t in u m (IV )  ox ide  (A dam 's c a ta ly s t )  (375 m g, 15% b y  w eigh t)  in  mono-
2 119d e u te r io a c e t ic  ac id  (60 ml, > 9 9  atom % H-  ^ s p e c ie s ) .  T he  re a c t io n
m ix tu re  w as s t i r r e d  u n d e r  an  a tm o sp h e re  of d eu te r iu m  fo r  3 d ay s  u n t i l  
t h e  c a ta ly s t  p r e c ip i t a t e d  o u t  of s o lu t io n . T he  re a c t io n  m ix tu re  was 
f i l te r e d  th r o u g h  a p a d  of celite  535 a n d  th e n  e v a p o ra te d  to d r y n e s s  
u n d e r  r e d u c e d  p r e s s u r e .  T he  r e s id u e  was d is so lv ed  in 1.2M h y d r o ­
ch lo ric  ac id  a n d  e v a p o r a te d  to  d r y n e s s  ag a in .  T he  solid  o b ta in e d  was 
c ry s ta l l i s e d  from 90% aq u e o u s  e th an o l to f u r n i s h  w hite n eed le s  of 
[ 1 , 1 , 4 , 4 -^ H ^ ]p u t re s c in e  (103) d ih y d ro c h lo r id e  (2 .2 0 g ,  13.3 mmol, 42.7%),
m .p .  > 290°C; v (K Br) 3130, 3050, 2815, a n d  1408 cm” 1;m a x . H
(90 MHz, D 2 0 )  1.98 p . p . m .  (2 -  a n d  3 -H 2) ; 6 ^ (3 1  MHz, H 2 0 )  2.86
p . p . m .  (1 -  a n d  4 - 2 H 2 , > 95 atom % ^ H ^ ) ; 5 C (25 MHz, D 20  w ith  
1 ,4 -d io x a n  as  s t a n d a r d  a t  69 .1  p . p . m . )  26.2 (C -2  a n d  -3 )  a n d  42.1  
p . p . m .  ( C - l  a n d  - 4 ) ;  ro/z_ 93 (MH+) (0 .3% ), 75, 45, 44, 38 a n d  36 
(100%) (F o u n d :  MH + , 93 .1331. C ^ ^ H ^  r e q u i r e s  MH, 93 .1330).
(F o u n d :  C , 29,34; N, 16.90. C 4 H 1 Q2H4N 2 Cil2 r e q u i r e s  C , 29. 09, N ,
16.97%).
M onodeu terioace tic  ac id  w as g e n e ra te d  b y  h e a t in g  ace tic  
a n h y d r id e  ( 9 7 .4 g ,  90.0  ml, 0 .95 mol) a n d  d eu te r iu m  oxide (1 8 .8 g ,  17.0 
ml, 0 .94  mol) u n d e r  an  a rg o n  a tm o s p h e re  fo r  2 d ay s  a t  75°C. 
D e u te r io ly s is  w as com ple ted  b y  th e  ad d i t io n  of c o n c e n t r a te d  s u lp h u r ic
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144ac id  (18M, 0 .2  ml) a n d  h e a t in g  a t  r e f lu x  fo r  2h. T he  m o n o d e u te r io -
ace tic  ac id  (103 ml, 1 0 9 .2g, 1 .79 mol, 95%) was d is t i l led  o v e r  116-117°C
144a t  a tm o sp h e r ic  p r e s s u r e  ( l i t .  b . p .  50°C/57 mm) as  a c lea r  l iq u id ;
V ( n e a t )  3000, 2300 a n d  1728 cm 6 (90 MHz) 2.05 p . p . m . ;m a x . H
<$c (25 MHz) 20.8 (C -2 )  a n d  177.8 p . p . m .  ( C - l ) .
D eu te r ium  g as  was g e n e r a te d  in  s i tu  b y  d ro p p in g  d e u te r iu m  
oxide on to  lith ium  metal in r a p id ly  s t i r r e d  p a r a f f in .  T he g a s  was 
p a s s e d  im mediately in to  th e  re a c t io n  v e s s e l  a f t e r  d ry in g  b y  p a s s in g  
th r o u g h  p a ra f f in  a n d  silica gel in t u r n .  P r io r  to re a c t io n  a n d  a f te r  
com pletion , th e  re a c t io n  a p p a r a tu s  was th o ro u g h ly  f lu s h e d  with a rg o n .
[ 2 ,2 , 3 ,  3-^H^] S u cc in o n itr i le  (149) . -  D eu te r ium  oxide (35 ml,
2
99.8 atom % H) was a d d e d  to su c c in o n i t r i le  (3 .6 5 g ,  45.6 mmol) a n d
119h e a te d  a t  r e f lu x  w ith  s t i r r i n g  fo r  24h. T he  m ix tu re  was e v a p o ra te d
to d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e ,  a n d  th e  p r o c e d u r e  was r e p e a te d
2
w ith  f r e s h  a l iq u o ts  of d eu te r iu m  ox ide  (3 x  35 m l). [ 2 ,2 , 3 ,3 -  H ^]-
S u cc in o n itr i le  (149) so lid if ied  to  a c lear  w axy solid  a n d  was r e c r y s t a l l -
194is e d  from b e n z e n e  (3 .4 5 g ,  41 .1  mmol, 90.1%), m .p .  54-56°C ( l i t .
m .p .  5 7 ° C ) ; v. (CHC*,,) 3020, 2260, a n d  1689 cm” 1; (90 MHz)L m a x . j  H
no  s ig n a ls  d e te c te d ;  6 (31 MHz) 2 .67 p . p . m .  (2- a n d  3 - 2H,,, > 99
D w
atom % 2 H4) ;  6 c (25 MHz) 14.0 (C-2 a n d  -3) a n d  117.8 p . p . m .  ( C - l  
a n d  - 4 ) ;  m /z  84 (M+) (76%), 82, 58 a n d  56 (100%) (F o u n d :  M + ,
84.0629; C , 57.32; N , 33 .49 . C ^ H ^  r e q u i r e s  M, 84.0625; C , 
57.14; N , 33 . 33%).
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[ 2 ,2 ,  3, 3 -^ H ^ ]P u tre s c in e  (104) D ih y d ro c h lo r id e . -  [ 2 ,2 , 3 ,3 -
2
H ^ ]S u c c in o n itr i le  (149) ( 2 . 2 g ,  26.2  mmol) was a d d e d  to a s u s p e n s io n  of
p la t in u m (IV )  ox ide  (330 m g, 15% b y  w e ig h t)  in g lacial ace tic  ac id  
119(90 m l) .  T he  m ix tu re  was s t i r r e d  u n d e r  an  a tm o sp h e re  of h y d ro g e n
a t  20°C fo r  35h, b y  w hich time no  more h y d ro g e n  w as b e in g  ta k e n  up
a n d  th e  c a ta ly s t  h a d  fa llen  o u t  of so lu t io n .  T he  rea c t io n  m ix tu re  was
th e n  f i l t e r e d  t h r o u g h  a p a d  of celite  535, a n d  th e  f i l t r a te  was e v a p o ra te d
to  d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e .  T he  r e s id u e  was d is so lv e d  in 1.2M
h y d ro c h lo r ic  ac id  a n d  th e  so lu tion  w as aga in  e v a p o ra te d  to  d r y n e s s  u n d e r
r e d u c e d  p r e s s u r e .  T h e  r e s u l t in g  l ig h t  b ro w n  solid  w as c ry s ta l l i s e d  from
2
a q u e o u s  e th an o l to  y ie ld  w hite  n e e d le s  of [ 2 ,2 , 3 ,3 -  H ^ jp u t r e s c in e  (104)
d ih y d ro c h lo r id e  (1 .9 5 g ,  11.8 mmol, 45.0%), m .p .  > 290°C; v (K Br)
in 3.x •
3070, 3010, 2940, a n d  1452 cm "1; 6 n (90 MHz, D 9 0 )  3.18 p . p . m .  (1-
H
a n d  4 -H 2); (31 MHz, D 2 0 )  1.56 p . p . m .  (2 -  a n d  3 - 2H 2 , > 99 atom %
2
H 4 ) ; 5 C (25 MHz, D 20  with 1 ,4 -d io x a n  as s t a n d a r d  a t  69 .1  p . p . m . )
26.5  (C -2  a n d  -3 )  a n d  42 .0  p . p . m .  ( C - l  a n d  - 4 ) ;  m / z_ 93 (MH ) (0.2%), 
75, 45, 43, 38 a n d  36 (100%) (F o u n d : MH+, 93.1326; C 4 H9 2H4 N 2
r e q u i r e s  MH, 93.1330) (F o u n d :  C , 29.40; N, 16.64. C 4 H 4 q2 H4 N 2 C £ 2
r e q u i r e s  C , 29.09; N, 16.97%).
4 -P h th a l im id o b u tan e  n i t r i le  (151) . -  N_-( 3 -B ro m o p ro p y l) -
ph tha lim ide  (9 .0 0 g ,  33.6 mmol) w as d is so lv ed  in  d ry  DMSO (100 ml) w ith  
s t i r r i n g .  Sodium c y a n id e  (2 .0 0 g ,  40 .8  mmol) w as a d d e d  a n d  th e  
re a c t io n  m ix tu re  was h e a te d  a t  60°C fo r  14h, a n d  th e n  allow ed to cool. 
P o r t io n s  (100 ml) of w a te r  a n d  d ie th y l  e th e r  w ere a d d e d ;  th e  la y e r s  
w e re  s e p a r a t e d , a n d  th e  aq u e o u s  p h a s e  was w ash ed  w ith  f u r t h e r
d ie th y l  e t h e r  (100 m l ) . T he  com bined  e th e r e a l  e x t r a c t s  w ere  d r ie d  o v er
a n h y d r o u s  m agnesium  s u lp h a te ,  f i l t e r e d  a n d  e v a p o ra te d  to  d r y n e s s  u n d e r
r e d u c e d  p r e s s u r e .  T he  r e s id u e  w as c r y s ta l l i s e d  from ch loroform  to
y ie ld  4 -p h th a l im id o b u ta n e  n i t r i le  (151) as  w h ite  p la te s  ( 5 .0 1 g ,  23 .4  mmol,
69.7%), m .p .  82-83°C; v (C H C £ 9) 3020, 1720, 1398, a n d  719 c m '1 ;'  * c  m a x . 3
6 (100 MHz) 2 .11 ( 2H, d t ,  J  7 .0  a n d  6 .5  H z, 3 -H 7) , 2 .51 (2H , t ,  J
H — o
7.0  Hz, 2 -H 2) ,  3 .79 (2H , t ,  J  6 .5  Hz, 4 -H 2) a n d  7.75 p . p . m .  (4H, b r  
s ,  A r - H ) ;  6 c (25 MHz) 14.9 ( C - 2 ) ,  24 .7  ( C - 3 ) ,  36.6 ( C - 4 ) ,  119.2 
( C - l ) ,  123.2 ( C - 8 ) ,  131.8 ( C - 7 ) ,  134.1 (C -9)  a n d  168.0 p . p . m .  ( C - 6 ); 
m /z  214 (M+) (18%), 161, 160 (100%) a n d  105 (F o u n d :  M + , 214.0742;
C , 67 .40; H, 4 .53 ; N, 12.86. c 1 2 H i 0 N 2O2 recl u i r e s  M.» 214.0742;
C , 67.29; H , 4 .67; N, 13.08%).
[ 1, l - 2 H 9]P u t r e s c in e  (150) D ih y d ro c h lo r id e . -  4 -P h tha lim ido -  
b u ta n e  n i t r i le  (151) (500 m g, 2.34 mmol) was a d d e d  to  a s u sp e n s io n  of 
p la t in u m (IV )  ox ide  (75 mg, 15% b y  w e ig h t)  in  m onodeu te r ioace tic  ac id  
(40 ml) a n d  th e  m ix tu re  was s t i r r e d  u n d e r  an  a tm o sp h e re  of d eu te r iu m  
u n t i l  no  more g as  was ta k e n  u p  (6 0 h ) ,  a n d  th e  c a ta ly s t  p r e c ip i ta te d .  
A f te r  f i l t r a t io n  th r o u g h  a p a d  of ce lite  535, th e  so lu tion  w as e v a p o ra te d  
to  d r y n e s s  in v a c u o . T he  r e s id u e  was ta k e n  up  in 4M h y d ro c h lo r ic  
ac id  (25 m l) ,  th e n  s t i r r e d  fo r  12h a t  20°C a n d  h e a te d  a t  r e f lu x  fo r  4h. 
A f te r  cooling to  -10°C  to p r e c ip i ta te  ou t th e  p h th a l ic  a c id ,  th e  re a c t io n  
m ix tu re  w as f i l t e r e d ,  a n d  e v a p o ra te d  to d r y n e s s .  T he  r e s id u e  was 
r e c r y s t a l l i s e d  from 80% a q u e o u s  e thano l to y ie ld ,  a f t e r  d ry in g  o v er  
p a s t i l la te d  p a ra f f in  a n d  p h o s p h o ru s  p e n to x id e  fo r  24h in  v a c u o , [ 1 ,1 -  
2 H 2] p u t r e s c in e  (150) d ih y d ro c h lo r id e  (321 m g, 1.97 mmol, 84.2%),
m .p .  > 295°C; v (K Br) 3080, 3020, 1452, a n d  1444 c m  1 ; 6 „ (90max • H
MHz, I ^ O )  1.56 (4H, m, 2- a n d  3 - ^ )  a n d  2 .89  p . p . m .  (2H, m, 4 - ^ ) ;
6 (31 MHz, H -O ) 2.88 p . p . m .  ( 1 - 2H_, > 90 atom % 2 H J ;  6 (25 MHz,
D w La La C
D 2 O w ith  1 ,4 -d io x a n  as  s t a n d a r d  a t  69 .1  p . p . m . )  26.3  (C -2  a n d  - 3 ) ,
41 .3  ( C - l )  a n d  41 .5  p . p . m .  (C -4 ) ;  m /z 91 (MH+) (3%), 73, 45, 43, 38 
a n d  36 (100%) (F o u n d :  MH + , 91.1196. c 4 h 1 1 2 h 2 N 2 r e q u i r e s  M.H ’
91.1204) (F o u n d :  C, 29.31; N, 16.77. C ^ ^ ^ ^ C J ^  r e q u i r e s
C , 29.45; N, 17.18%).
R - [  l - 2H ]P u t r e s e in e  (105) D ih y d ro c h lo r id e  a n d  S - [ 1 - 2 H ] ~ 
P u t r e s c in e  (106) D ih y d r o c h lo r id e . -  T h e se  s a l t s  w ere  p r e p a r e d  as  
d e s c r ib e d  e a r l i e r ,  wi th  a 2 H^ c o n te n t  of > 95% in b o th  sam ples .
2
P re p a ra t io n  of R - [ 2- H jP u t r e s c in e  (107) D ih y d ro c h lo r id e . -
S -2 -C h lo ro b u ta n e d io ic  ac id  (1 5 2 ) . S -A s p a r t ic  ac id  (lOOg, 0 .75  moles)
a n d  u r e a  (1 0g ,  0 .17 moles) w ere  d is so lv ed  in  conc . h y d ro c h lo r ic  ac id
(10M, 150 ml) w ith  s t i r r i n g  a t  room te m p e ra tu r e  (2 0 °C ) .  C o n c e n t ra te d
n i t r i c  ac id  (11M, 150 ml) was a d d e d  to th i s  r a p id ly  s t i r r e d  m ix tu re  a n d
th e  re a c t io n  w as h e a te d  a t  80°C fo r  12h. A b row n  gas  was evo lved
from th e  r e a c t io n  v e s s e l .  A f te r  cooling to  0°C, th e  w hite  c r y s ta l s  of
S -2 -c h lo ro b u ta n e d io ic  ac id  (152) w ere  f i l t e r e d ,  w a sh e d  w ith  ice -co ld
w a te r ,  a n d  d r ie d  fo r  48h in  v acu o  o v e r  p a s t i l la te d  p a ra f f in  a n d  p h o s -
147p h o r u s  p e n to x id e  (102g, 0 .67  mol, 89%) m .p .  180-181°C ( l i t .  m .p .
?0 147  20
1 7 6 °C ); [ot]£ -  18 .7°  (c 1 .7 ,  ^ O )  ( l i t .  [ a ] £  -  2 0 .1 ° ,  ^ O ) ;
v (K B r)  3000, 1712, 1421, a n d  1280 cm "1; 6 (100 MHz, CDC&-m a x . H 3
w ith  d 6 -DMSO) 2 .95  (2H, ABX sy s te m ,  J  17.1 a n d  7.0 H z, 3-H 2) ,  4 .59 
(1H , t ,  J  7 .0  Hz, 2-H) a n d  10.00 p . p . m .  (2H , b r  s ,  2 x  C O O H );
152
6 (25 MHz, C D C £ 3 w ith  d^D M S O ) 39.8 ( C -3 ) ,  52.9 ( C - 2 ) ,  172.9 a n d
174.0 p . p . m .  ( C - l  a n d  - 4 ) ;  m/z^ 136 (10%) a n d  134 (32%) (b o th  M+- 1 8 ) , 
108, 106, 73, 71, 64, 62 a n d  45 (100%) (F o u n d :  M+-1 8 , 135.9734 a n d  
133.9764. C ^H ^O ^^C #, r e q u i r e s  M-18, 135.9741 a n d  C ^H ^O ^^C #, req u ire s .
M-18, 133.9771) (F o u n d :  C , 31 .53; H, 3 .37; C £ ,  23.32. C 4 H 5 0 4 C£
r e q u i r e s  C , 31.50; H, 3 .30; C £ ,  23.24%).
D im ethyl S -2 -c h lo ro b u ta n e d io a te  (1 5 3 ) . -  S -2 -C h lo ro b u ta n e d io ic  
ac id  (150) (9 1 .1 g ,  0 .60 mol) w as d is so lv e d  in  d ry  m ethanol (1£ ) with 
v ig o ro u s  s t i r r i n g  a t  -1 0 °C .  D ry  th io n y l  ch lo r id e  (100 ml, 1 6 3 . l g ,  1.37 
mol) was a d d e d  o v e r  a p e r io d  of 30 min, a n d  th e  r e a c t io n  m ix tu re  was 
allowed to  warm up  to  20°C. E x ce ss  r e a c ta n t  a n d  s o lv e n t  w ere  rem oved  
in  v ac u o ,  a n d  th e  r e s u l t in g  oil was p a r t i t i o n e d  b e tw ee n  d ie th y l  e th e r  
(100 ml) a n d  s a t u r a t e d  sodium h y d r o g e n  c a rb o n a te  (100 ml). T he 
a q u e o u s  p h a s e  w as w a sh e d  w ith  a f u r t h e r  p o r t io n  of d ie th y l  e th e r  ( 1 0 0  
m l ) , a n d  th e  com bined  o rg an ic  l a y e r s  w ere  d r ie d  o v e r  a n h y d ro u s  sodium 
s u lp h a te .  A f te r  f i l t r a t io n ,  th e  so lu tion  w as c o n c e n t r a te d  u n d e r  r e d u c e d  
p r e s s u r e  to  an  am ber  oil w hich  w as d is t i l le d  ( b . p .  9 0 -9 1 °C /5 .0  mm Hg)
to  p r o v id e  d im ethy l S -2 -c h lo ro b u ta n e d io a te  (153) a s  a c lea r  oil (81. l g ,
20 105
0.45 mol, 75%); [ a ] ^  -  4 3 .2°  (c 4 .0 ,  C H C £3) ( l i t .  [a] -  4 2 .2 ° ,
C H C £ ,) ;  v (CHCJU) 3020, 1745, a n d  1442 cm” 1; 6 u (100 MHz).j  m a x . j  H
3.06 ( 2H, ABX s y s te m ,  J  17.0 a n d  7 .0  H z, 3 -H 2) ,  3 .71 a n d  3.80 ( 6 H, 
b o th  s ,  2 x  OCH3) , a n d  4.68 p . p . m .  (1H, t ,  J  7 .0  H z, 2 -H ) .  6 ^  (25
MHz) 39 .5  ( C - 3 ) ,  51 .7  a n d  52.2 (O C H 3) ,  53 .3  ( C -2 ) ,  169.3 a n d  169.9 
p . p . m .  ( C - l  a n d  - 4 ) ;  m /z  182 (1%) a n d  180 (3%) (b o th  M+) , 151, 150, 
149, 148, a n d  113 (100%) (F o u n d :  M+, 182.0146 a n d  180.0199.
153
r e q u i r e s  M, 182.0161 a n d  C^H ^O ^^C #, r e q u i r e s  M, 180.0191) 
(F o u n d :  C , 39.87; H, 4 .99 ; C £ ,  19.64. C^H^O^CJt r e q u i r e s  C , 39.89;
H, 4 .99 ; C £ ,  19.67%).
S - 2 - C h lo r o b u ta n e - l ,4 -d io l  (1 5 4 ) . -  D im ethyl S -2 -c h lo ro b u ta n e -  
d ioa te  (153) (12g, 66 .5  mmol) w as d is s o lv e d  in  d ry  to lu en e  (sodium  d r ie d )  
(50 ml) a n d  a d d e d  to d r y  to luene  (25 ml) a t  -30°C  u n d e r  n i t r o g e n .  
D iisobu ty la lum in ium  h y d r id e  ( DIBAL) in  to lu en e  (1.5M , 200 ml, 0 .30 moles) 
w as a d d e d  d ro p w ise  in to  th e  re a c t io n  m ix tu re  o v e r  a p e r io d  of 30 min, 
th e n  th e  so lu tion  was s t i r r e d  a t  -30°C  fo r  a f u r t h e r  4h. A f te r  w arm ing 
u p  to  room te m p e r a tu r e ,  e th y l  a c e ta te  (30 ml) was a d d e d ,  followed b y  
ace to n e  (100 m l) .  T he  r e a c t io n  m ix tu re  w as th e n  p o u r e d  in to  a s l u r r y  
of ce li te  535 (80g) in  ace tone  (100 m l) .  T h is  s l u r r y  w as s t i r r e d  v ig o r ­
o u s ly  u n t i l  a gel was fo rm ed . T he  gel was b r o k e n  up  b y  th e  add i tion  
of m ethano l ( 2 0 0  ml) a n d  w a te r  ( 2 0 0  m l) ,  a n d  s t i r r i n g  was c o n t in u e d  
th r o u g h o u t .  When th e  evo lu tion  of gas  h a d  c e a se d ,  th e  so lu tion  was 
f i l t e r e d  a n d  th e  so lid  was w ash ed  w ith  a f u r t h e r  am ount of m ethanol 
(4 x  200 m l) .  T he  f i l t r a te  was c o n c e n t r a te d  in v acuo  to y ie ld  a l ig h t
b ro w n  oil w h ich  w as d is t i l le d  ( b . p .  2 0 0 °C /0 .5  mm Hg) to  f u r n i s h  a c lea r
20l iq u id ,  S - 2 - c h lo r o b u ta n e - l ,  4-diol (154) ( 8 g ,  64 mmol, 96%); [ a ] D
120 10-  44 .1 °  (c 7 .4 ,  MeOH) ( l i t .  [a] I*  -  4 5 .0 ° ,  c 1 .2 ,  MeOH); v
— D -  m a x .
( th in  film) 3480, 2975, a n d  1052 cm 6 (100 MHz) 2.03 (2H, m,
H
3 - ^ ) ,  3 .80  (4H, m, 1- a n d  4 - ^ ) ,  4 .15  (2H, b r  s ,  2 x  OH) a n d  4 .32  
p . p . m .  (1H, m, 2 -H );  6 Q (25 MHz) 37.1  ( C - 3 ) ,  58.8 ( C - 4 ) , 60 .5  
( C - 2 ) ,  a n d  6 6 . 6  p . p . m .  ( C - l ) ;  126 (0.1%) a n d  124 (0.3%) (b o th  M+)
78, 76, 58, 57 a n d  43 (100%) (F o u n d :  M + , 126.0240 a n d  124.0315;
154
C , 38.45; H, 7 .23 ; C l ,  28 .61. C ^ H ^ O ^ C l  r e q u i r e s  M, 126.0262, 
C 4 H 9 0 2 3 5 C& r e q u i r e s  M, 124.0292, C ^ H y O ^ l  r e q u i r e s  C , 38 .57; H, 7 .28; 
C l ,  28.46%).
R - [  2 -^H ^j B u t a n e - 1, 4-diol (1 5 5 ) . -  S -2 -C h lo ro b u ta n e -1 ,  4-diol
(154) ( 6 g ,  48 .2  mmol) w as d is so lv e d  in d r y  THF (20 ml) a n d  was a d d e d
d ro p w ise  o v e r  15 min to  a s u s p e n s io n  of li th ium  aluminium d e u te r id e  (98 atom
%, 2 .4 g ,  57.1  mmol) in  d r y  THF (50 ml) a t  0°C. A f te r  allowing th e  rea c t io n
te m p e r a tu r e  to r i s e  g ra d u a l ly  to  20°C, th e  so lu tion  was h e a te d  a t  r e f lu x  fo r
2h. When th e  so lu tion  was cool, s a tu r a t e d  a q u e o u s  sodium  s u lp h a te  (2 ml)
was a d d e d  a n d  th e  m ix tu re  was s t i r r e d  v ig o ro u s ly  fo r  10  min. th e n  f i l te r e d .
T h e  c le a r  so lu tion  was c o n c e n t r a te d  u n d e r  r e d u c e d  p r e s s u r e  a n d  th e
r e s id u e  was d is t i l le d  ( b . p .  200°C /0 .6  mm Hg) to y ie ld  R - [  2 - 2 H^] b u t a n e , 1 ,4 -
diol (155) a s  a c lea r  oil ( 4 g , 44 .0  mmol, 91%); V th in  film) 3450, 2940,max •
2880, a n d  1050 c m '1; 6 n (90 MHz) 1.52 (3H, m, 2-H a n d  3 -H 9) , 3.47
H u
(4H, m, 1- a n d  4 -H 2) ,  a n d  3.55 p . p . m .  (2H, b r  s ,  2 x  O H); 6 d (31 MHz, 
CHC&3) 1.51 p . p . m .  ( 2- 2 H 1, 9 4 a t o m % 2H 1) ;  6 C (25 MHz) 29.8 ( C - 2 ) ,
30 .0  ( C - 3 ) ,  a n d  62.6  p . p . m .  ( C - l  a n d  - 4 ) ;  m /z 91 (M+) (2%), 73, 72, 58,
57 a n d  43 (100%) (F o u n d :  M + , 91,0719; C , 53.01. C 4 H 9 2 H J0 2 r e q u i r e s
M, 91.0743; C , 52.75%).
R - [  2 - 2 H -^ ] B u ta n e  dioic ac id  (1 5 6 ) . -  R - [ 2 - 2H^] B u t a n e - 1, 4-diol
(155) (500 m g , 5 .5  mmol) was a d d e d  to a so lu tion  of sodium d ich rom ate  
d ih y d r a t e  ( 5 g , 16.8 mmol) in  d i lu te  s u lp h u r ic  ac id  (2M, 25 ml) a t  -1 0 °C . 
T h e  re a c t io n  m ix tu re  was h e a te d  to  60°C fo r  2h, cooled , e x t r a c te d  w ith  
d ie th y l  e t h e r  ( 3  x  50 ml) a n d  th e  com bined  e th e re a l  e x t r a c t s  w ere  d r ie d .  
A f te r  f i l t r a t io n ,  th e  s o lv e n t  was rem oved  in  vacuo  to leave  a so lid ,  w hich
1 5 b
2
was r e c r y s ta l l i s e d  from ace to n e  to  y ie ld  R - [ 2 -  H ^ ]b u ta n ed io ic  ac id  (156) 
(455 m g, 3 .8  mmol, 70%), m .p .  187-189°C; 6 o (90 MHz, CDC£^ w ith
H j
d^-DM SO) 2.45 (3H , m, 2-H a n d  3 - ^ ) ,  a n d  12.92 p . p . m .  (2H, b r  s ,
2 x  COOH); m /z 119 (M+) (2%), 102, 101, 75, 74, 56 a n d  45 (100%).
R - [ 2 - ^H^] B u ta n e  dioic a n h y d r id e  (1 5 7 ) . -  R - [2 -^ H ^ ]B u ta n e d io ic
ac id  (156) (230 m g, 1 .9  mmol) was h e a te d  w ith  ace tic  a n h y d r id e  (1 .0  ml,
10.5 mmol) fo r  2h a t  50°C. E x ce ss  r e a g e n t  was rem oved  u n d e r  r e d u c e d
p r e s s u r e  below 40°C , a n d  th e  r e s id u e  was c ry s ta l l i s e d  from chloroform  
2
to  y ie ld  R - [ 2 -  H ^ ]b u ta n ed io ic  a n h y d r id e  (157) a s  n e e d le s  (125 mg, 1.3
mmol, 65%), m .p .  119-120°C; 6 R (90 MHz, C D C &3 w ith  d ^ D M S O ) 2.98
p . p . m .  (m ); m/z_ 101 (M+) (21%), 74, 73, 56, 55 a n d  45 (100%).
C om parison  w ith  a mass sp e c tru m  of an  u n la b e l le d  sample of b u ta n ed io ic
2
( su c c in ic )  a n h y d r id e  in d ic a te d  a H^ c o n te n t  of > 95%.
2
R - [2 - H ^] - ! ,4 -D ib ro m o b u ta n e  ( 1 5 8 ) . -  A m ix tu re  of conc. 
h y d ro b ro m ic  ac id  (48%, 6 M, 100 ml) a n d  conc . s u lp h u r ic  ac id  ( 10M, 75 
ml) w ere  s t i r r e d  a t  -10°C  fo r  15 m i n .1^  R - [  2 -^ H ^ ]B u ta n e -1 ,4-diol
(155) (4 g ,  44 .0  mmol) was a d d e d  o v e r  5 min, a n d  th e  so lu tion  was th e n  
h e a t e d  a t  r e f lu x  t e m p e ra tu r e  fo r  4h. Upon coo ling , th e  aq u e o u s  p h a s e  
w as e x t r a c t e d  tw ice w ith  d ie th y l  e th e r  (2 x  250 m l) ,  a n d  th e  com bined 
o rg a n ic  l a y e r s  w ere  w a sh e d  in t u r n  w ith  w a te r  ( 1 0 0  ml) a n d  s a tu r a t e d  
a q u e o u s  sodium h y d r o g e n  c a rb o n a te  (100 ml) a n d  d r ie d .  F i l t ra t io n  
followed b y  e v a p o ra t io n  to  d r y n e s s  in vacuo  y ie ld e d  a b ro w n  oil, a n d  
R - [ 2 - ^ H ^ ] - l ,4 - d ib r o m o b u ta n e  (158) ( 6 .7 g ,  30.8  mmol', 70%) was a f fo rd e d  
b y  d is t i l la t io n  ( b . p .  6 6 -6 7 °C /1 .4  mm H g ) ;  v (CHC&.0 2970, 1440,IIlclX * j
1250, 700 a n d  560 cm "1; (90 MHz) 2.05 (3H, m, 2-H a n d  3 - H J , a n d
H  Lt
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3.45 p . p . m .  (4H, m, 1- a n d  4-H 2) ; (31 MHz, CHCJLj) 2 .02 p . p . m .
( 2 - 2H ]L, 93 atom % 2 H 1) ;  6 c (25 MHz) 30.3 ( C -2 ) ,  32.6 ( C - 3 ) ,  a n d  
41 .8  p . p . m .  ( C - l  a n d  - 4 ) ;  m/z 219 (1%), 217 (2%) a n d  215 (1%) (all M+) , 
138, 136 a n d  56 (100%) (F o u n d : M + , 218.9017, 216.9038 a n d  214.9054;
C , 22.38; H l ^ H ,  4 .1 8 .  C 4 H ?2H 8 1 B r 2 r e q u i r e s  M, 218.9014;
2 81 7 9  2 7 9
C^H^ H^ B r^  B r^  r e q u i r e s  M, 216.9035; ^ 4 ^ 7  ^ 4  ® r 2 r e Tuir e s  M,
214.9055; C ^ H ^ H ^ B ^  r e q u i r e s  C , 22.15; H l / 2H, 4.18%).
2
R -[2~  H -^ jP u t r e s c in e  (107) D ih y d ro c h lo r id e . -  Sodium azide
( 2 .4 g ,  36.9 mmol) was d is so lv e d  in  d r y  DMSO (25 ml) a t  -5 °C  with 
119 2g en t le  s t i r r i n g .  R - [ 2 -  H ] - l , 4 -D ib rom obu tane  (158) ( 3 .5 g ,  16.1
mmol) w as a d d e d  d ro p  wise a n d  th e  so lu tion  was s t i r r e d  fo r  14h. A f te r
p o u r in g  th e  re a c t io n  m ix tu re  in to  w a te r  (500 ml) , th e  so lution  was
e x t r a c t e d  w ith  d ie th y l  e t h e r  (2 x  200 m l) .  T he  com bined  e th e re a l
l a y e r s  w ere  w ash ed  w ith  w a te r  (4 x  100 m l) ,  d r ie d ,  f i l te r e d  a n d  co n ce n -
2
t r a t e d  to  an  am ber  oil, R - [ 2 -  H ^ ] - l ,4 - d i a z o b u ta n e  ( 1 .8 g ,  12.8 mmol,
79.5%). T he  d iaz ide  was n o t  p u r i f i e d ,  b u t  ta k e n  up  in  d ry  THF (50 ml).
L ithium aluminium h y d r id e  (960 mg, 28.2 mmol) was a d d e d  a n d  th e
r e a c t io n  m ix tu re  w as s t i r r e d  a t  20°C fo r  18h u n d e r  a n i t ro g e n  a tm os- 
197p h e r e ,  th e n  th e  re a c t io n  w as q u e n c h e d  b y  th e  ad d it io n  of s a tu r a t e d  
a q u e o u s  sodium s u lp h a te  (2 m l). T he  o rg an ic  so lu tion  was f i l te r e d ,  
d r i e d ,  a n d  r e f i l t e r e d ,  b e fo re  d ry  h y d r o g e n  ch lo r id e  g as  was g e n e ra te d  
in s i tu  a n d  p a s s e d  th r o u g h  th e  o rg an ic  so lu tion  to  p r e c ip i ta te  th e  s a l t .  
H y d ro g e n  ch lo r id e  gas  was p r o d u c e d  b y  ad d in g  conc . s u lp h u r ic  ac id  to 
so lid  sodium c h lo r id e  in  a c a re fu l ly  co n tro l le d  d ro p w ise  m a n n e r ,  a n d  it 
w as d r ie d  b y  p a s s a g e  t h r o u g h  p a r a f f in  a n d  silica ge l.  T he  sa l t  was
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co l lec ted  b y  f i l t r a t io n ,  d r ie d  o v e r  p a s t i l la te d  p a ra f f in  a n d  p h o s p h o ru s
p e n to x id e  fo r  24h, a n d  r e c r y s ta l l i s e d  from 95% a q u e o u s  e th an o l to  p ro v id e  
2
R - [ 2 -  H ^ J p u t re s c in e  (107) d ih y d ro c h lo r id e  as  w h ite  n e e d le s  ( 5 .4 g ,  33.1 
mmol, 85%), m .p .  > 300°C; v (K B r)  3080, 3015, 1470, a n d  1452 cmITlcLX •
6 ^ (90 MHz, 1*59 (3H, m, 2-H a n d  3-H 2) , a n d  2 .87 p . p . m .  (4H,
m, 1- a n d  4 -H 2) ; 6 D (31 MHz, H2 0 )  1.58 p . p . m .  ( 2 - 2 H^, > 90 atom %
2H );  6 (25 MHz, D ?0 )  24.4 ( C - 2 ) ,  24 .7  ( C - 3 ) ,  a n d  39.8 p . p . m .
J. c  «
( C - l  a n d  - 4 ) ;  m /z  90 (MH+) (0.5% ), 73, 45, 38 a n d  36 (100%) (F o u n d :  
MH + , 90.1149; C , 29.84; N, 17.01; CJl, 44 .25 . C 4 H 1 3 2 HN2C Jl2 
r e q u i r e s  MH, 90.1141; C , 29.63; N, 17.28; CJl, 43.83%).
2
P re p a ra t io n  of S— [ 2— H jP u t r e s c in e  (108) D ih y d ro c h lo r id e . -  
T h is  com pound  was p r e p a r e d ,  in an  an a lo g o u s  m a n n e r  to  (107) from 
R p a sp a r t ic  ac id .  T he  a n a ly s is  of th i s  s y n th e s i s  is d e ta i le d  below.
R -2 -C h lo ro b u ta n e d io ic  ac id  (159) (26g ,  0.039 moles, 92%), m .p .
179-180°C; [ o r  + 18 .9°  (c 1 .6 ,  H 9 0 ) ;  v (K B r) 3000, 1715, 1420D — ’ 2 max.
a n d  1275 cm "1; 6 (100 MHz, CDCJU w ith  d ,-D M SO ) 2.98 (2H, ABX
H 5 b
s y s te m ,  J  17.0 a n d  6 .9  H z, 3 -H 2) , 4 .61 (1H , t ,  J  7 .0  Hz, 2 -H ) ,  a n d
10.05 ( 2H, b r  s ,  2 x  COOH); S c (25 MHz, CDCJl3 w ith  d ^ D M S O ) 39.5 
( C - 3 ) ,  52.3 ( C - 2 ) ,  169.9  a n d  170.8 p . p . m .  ( C - l  a n d  - 4 ) ;  m /z  136 (11%) 
a n d  134 (33%) (b o th  M+-18) (F o u n d :  M+-1 8 ,  135.9740 a n d  133.9773;
C , 31.45; H, 3 .52; CJl, 23 .07 . C ^ O ^ C J l  r e q u i r e s  M-18, 135.9741 
a n d  C 4 H 3 0 32^CJI r e q u i r e s  M-18, 133.9771; C^H^O^CJl r e q u i r e s  C , 31.50; 
H , 3 .30; CJl, 23.24%).
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D im ethyl R -2 -c h lo ro b u ta n e d io a te  (160) (24g ,  133 mmol, 92%), 
b . p .  6 7 -6 9 ° C / l .  5 mm Hg; [ct] 2 0  + 42 .7°  (c 5 .0 ,  CHCJl3) ( l i t . 1 9 5  + 4 2 .0 ° ,  
C H C Jl,) ;  v (C H C Z~)  3015, 1750, a n d  1440 c m '1; 6 D (100 MHz)j  m a x , d H
3.05 ( 2H, ABX sy s te m ,  J  17.0 a n d  7.0  Hz, 3 -H 2) , 3.65 a n d  3.75 ( 6 H, 
b o th  s ,  2 x  O C H ^ ) , a n d  4.68 p . p . m .  (1H , t ,  J  7 .0  H z, 2 -H ); 6 ^
(25 MHz) 39.8 ( C - 3 ) ,  51 .9  a n d  52.5  (OCH3) , 53.9 ( C - 2 ) ,  169.4 a n d
170.2 p . p . m .  ( C - l  a n d  - 4 ) ;  182 (2%) a n d  180 ( 6 %) (b o th  M+)
(F o u n d :  M+, 182.0170 a n d  180.0191; C , 39.69; H, 5 .07; CJl, 19.59.
C ^ H y O ^ ^ C Z  r e q u i r e s  182.0161; C^H^0 ^ 5 5 C£ r e q u i r e s  180.0188;
C 6 H 9 0 4 C£ r e q u i r e s  C , 39.89; H, 4 .99 ; CJl, 19.64%).
R - 2 - C h l o r o b u t a n e - l , 4-d io l (161) ( 3 .9 g ,  31.5  mmol, 95%), b ' .p .
7 4 -7 5 ° C /0 .05 mm Hg; [ a ] 2 0  + 4 3 .5 °  (c 15 .1 , MeOH) [ l i t . 1 2 0  [ a ] 2 1
+ 36 .7°  (c 1 .2 ,  M eOH)]; v ( th in  film) 3350, 2960, a n d  1050 cm "1;max •
<5 (100 MHz) 2.02 (2H, m, 3 -H 2) , 3 .80 (4H , m, 1- a n d  4 -H 2) , 4 .20
( 2H, b r  s ,  2 x  OH) a n d  4 .35  p . p . m .  (1H, m, 2 -H );  6 c (25 MHz)
37.0 ( C - 3 ) ,  58 .5  ( C - 4 ) ,  60.6 ( C - 2 ) ,  a n d  66 .4  p . p . m .  ( C - l ) ;  m /z  126 
(0.2%) a n d  124 (0.6%) (b o th  M+) , 78, 76, 58, 57 a n d  43 (100%) (F o u n d :
M+, 126.0241 a n d  124.0299; C , 38.54; H, 7 .38; CJl, 28.64.
C ^H ^O ^^C Jl r e q u i r e s  M, 126.0262; C 4 H9 0 2^ C J I  r e q u i r e s  M, 124.0292; 
C 4 H 9 0 2CJI r e q u i r e s  C , 38.57; H, 7.28; CJl, 28.46%).
S -  [ 2 - 2 H ^] B u t a n e - 1 , 4-diol (162) ( l . l g ,  12.1 mmol, 75.1%), 
b . p .  8 4 -8 6 ° C /0 .04 mm Hg; v raax ( th in  film) 3420, 3020, a n d  1048 cm 1; 
<$H (90 MHz, CDCJl3 w ith  d 6 "DMSO) 1.66 (3H , m, 2-H a n d  3 -H 2) , 3.55 
(4H , m, 1- a n d  4~H2 ), a n d  3.67 p . p . m .  (2H, b r  s ,  2 x  O H);
(31 MHz, CHCJl3) 1.65 p . p . m .  ( 2 - 2H ][, 95 atom % 2H 1) ;  6 c (25 MHz)
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29.9 ( C - 2 ) ,  30.0 ( C - 3 ) ,  a n d  62.6 p . p . m .  ( C - l  a n d  - 4 ) ;  m /z  91 (M+)
(1%), 73, 72, 58, 57, a n d  43 (100%) (F o u n d :  M+, 91.0752; C , 52.56. 
C 4 H 9 ^H 1 ° 2  r e q u i r e s  M, 91.0743; C , 52.75%).
S ~ [2 -^ H ^3B utanedio ic  ac id  (163) (240 mg, 2 . 0 2  mmol, 73%)
m .p .  188-189°C ( a c e to n e ) ;  6 (90 MHz, d ,-D M SO ) 2 .40 (3H, m, 2-H
H o
a n d  3 -H 2) , a n d  12.95 p . p . m .  (2H , b r  s ,  2 x  CC^H); H 9  (M + )
(0 .1% ), 102, 101, 75, 56 a n d  45 (100%).
S~[ 2 -^H ^]B u tan ed io ic  a n h y d r id e  (164) (51 mg, 0 .51 mmol, 61%), 
m .p .  118-120°C (ch lo ro fo rm );  6 R (90 MHz, CD C £ 3 with d^D M S O ) 2.99 
p . p . m .  (m ); m /z  101 (M+) (13%), 74, 56, 55 a n d  45 (100%). 2 H 1
c o n te n t  of > 95% w as in d ic a te d  b y  com parison  w ith  th e  m ass sp e c tru m  of 
u n d e u t e r i a t e d  b u ta n e d io ic  a n h y d r id e .
S - [ 2 - 2H - 1 , 4 -D ib rom obu tane  (165) ( 1 .9 g ,  8 .7  mmol, 79%), 
b . p .  100°C /5 mm Hg; v ( C H C £ J  2950, 1436, 1260, 698, a n d  565
cm "S 6 (90 MHz) 1.96 (3H, m, 2-H a n d  3-H ~), a n d  3.50 p . p . m .
H ^
( 4H , m, 1- a n d  4 -H 2); (31 MHz, C H C J^) 1.97 p . p . m .  ( 2- 2H ;[, 95
atom % 2 H 1) ;  <5 c (25 MHz) 30.5 ( C - 2 ) ,  32.3 ( C - 3 ) ,  a n d  41 .4  p . p . m .
( C - l  a n d  - 4 ) ;  m /z  219 (2%), 217 (4%) a n d  215 (2%) (all M + ) , 138, 136 
a n d  56 (100%) (F o u n d :  M + , 218.9019, 216.9034, a n d  214.9058; C , 22.40; 
- ^ ^ H ,  3 .93 . C 4 H 7 2H 1 8 1 B r 2 r e q u i r e s  M, 218.9014; C ^ ^ H ^ E r  79B r
r e q u i r e s  M, 216.9035; C 4 H 7 2H ^7 9 B r 2 r e q u i r e s  M, 214.9055;
C 4 H 7 2H ^ B r 2 r e q u i r e s  C , 22.15; ^ H /2H, 4.18%).
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S - [ 2 - 2H -^ ] P u t r e s c in e  (108) d ih y d ro c h lo r id e  (1 .1 4 g ,  7 .0  mmol,
80.1%), m .p .  > 300°C ( d e c . )  (95% a q u e o u s  e th a n o l) ;  vmax (K B r)
3077, 3010, 1462, a n d  1450 cm "1 ; 6 n (90 MHz, D 7 0 )  1.61 (3H , m, 2-H
H &
a n d  3-H 2) , a n d  2 .88 p . p . m .  (4H, m, 1- a n d  4 -H 2);  <5 D (31 MHz, H 2 0 )
1.60 ( 2 - 2H 1 , > 90 atom % 2 H 1); 6 c (25 MHz, D 2 0 )  24.7 ( C - 2 ) ,  24.9 
( C - 3 ) ,  a n d  40 .0  p . p . m .  ( C - l  a n d  - 4 ) ;  m/z^ 90 (MH+) (0.3% ), 72, 45,
43, 38 a n d  36 (100%) (F o u n d :  MH + , 90.1153; C , 29 .53; N, 16.94;
C l ,  43 .57 . C 4 H 1 3 2H 1N 2C il2 r e q u i r e s  MH, 90.1141; C ,  29.63; N , 17.28; 
C l ,  43.83%).
2
7 .3 .2  F eed in g  of H - lab e l led  P u t r e s c in e s
C ynog lossum  offic inale  p la n ts  w ere  g row n from s e e d s
( S u t to n s  S eed s  L t d . )  in a s t a n d a r d  com post.  In  th e  f i r s t  s e r ie s  of
14e x p e r im e n t s ,  e ig h t  w e l l -e s ta b l i sh e d  p la n ts  w ere  u s e d .  [ 1 ,4 -  C ] -
2
P u t r e s c in e  (166) d ih y d ro c h lo r id e  (5 jj.Ci) was a d d e d  to  each  H -lab e l led
p u t r e s c in e  (200 m g ) .  S te r i le  a q u e o u s  so lu tions  of th e  p r e c u r s o r  m ix tu re s
w e re  in t r o d u c e d  in to  th e  xylem s of th e  p la n ts  th r o u g h  stem p u n c t u r e s
made w ith  a s te r i le  n e e d le .  T he  so lu tions  were ap p l ie d  as  d ro p le ts
c e n t r e d  o v e r  th e  stem p u n c t u r e .  F eed in g  was c a r r i e d  o u t on five
a l te r n a t e  d a y s ,  a n d  th e  p la n ts  w ere allowed to grow  fo r  a f u r t h e r  two
w eeks  b e fo re  h a r v e s t i n g .  ( + )-E ch in a t in e  (62) w as iso la te d  as  d e s c r ib e d
p r e v io u s ly  (S ec tion  7 . 2 .1 ) .  Sc in til la tion  co u n t in g  of an  a l iquo t of th e
a lka lo id s  in m ethano l was c a r r i e d  o u t  to  d e te rm in e  th e  spec if ic  in c o rp o r -
14a t io n s  p e r  C ^ -u n i t  of th e  C - la b e l le d  p u t r e s c in e  (166 ) .  T he  in c o rp o r -
2
a t io n s  w ere  all below 0.5% p e r  C ^ -u n i t .  T he  31 MHz H n . m . r .  s p e c t r a
2
r e v e a le d  th e  v e r y  low in c o rp o ra t io n s  of th e  H -lab e l led  p u t r e s c in e s
1 6 1
[ (103) — (108) , (1 5 0 ) ] .  In  most c a s e s ,  no  d e f in i te  s ig n a ls  w ere  p r e s e n t .
When a t r a c e  of a s igna l was d e te c te d ,  t h e r e  was n e v e r  a c o r re s p o n d e n c e
w ith  s ig n a ls  due  to  th e  b a s e  moiety in th e  n . m . r .  s p e c t ru m  of
( + ) -e c h in a t in e  (F ig u re  2 ).
T he  seco n d  s e r ie s  of feed in g  e x p e r im e n ts  u s e d  th e  same m ethod ,
b u t  th e  p la n ts  w ere  fe d  e a r l ie r  in  th e  summer ( J u n e )  in  com parison  to
2
th e  p r e v io u s  e x p e r im e n ts  (A u g u s t -S e p te m b e r )  . T he  same s e r ie s  of H-
la b e lle d  p u t r e s c i n e s ,  aga in  gave  th e  same d is a p p o in t in g ly  low r e s u l t s .
T h e  a lka lo ids  w ere  h y d r o ly s e d  in t u r n  to  g ive  ra d io a c t iv e  sam ples  of
2
( + ) -h e l io t r id in e  ( 3 ) ,  c ry s ta l l i s e d  from ac e to n e .  T he  55 MHz H n . m . r .
2s p e c t r a  of th e s e  n ec in e  b a s e s  g av e  no  H s ig n a ls  of n o te .  T he  specif ic  
in c o rp o ra t io n  p e r  C ^ -u n i t  w ere  y e t  aga in  0.5% or below , b u t  th e  b a s e s  
c o n ta in e d  > 95% of th e  spec if ic  ra d io a c t iv i ty .
2
T he  final feed in g  e x p e r im e n ts  w ith  H - lab e l led  p u t r e s c in e s
[ ( 103)-(  105), (1 0 7 ) ,  (108 ) ,  (1 5 0 ) ] ,  w ere  p e r fo rm e d  with e ig h t  y o u n g
p la n ts  e a r ly  in  th e i r  g row ing  s e a s o n .  T he  am oun ts  u s e d  w ere  as  b e fo re ,
14th e  m ethod  was b a s ic a l ly  th e  sam e, a n d  th e  C in c o rp o ra t io n s  w ere as
2
low as  p r e v io u s ly .  T he  55 MHz H n . m . r .  s p e c t r a  of th e  a lka lo ids
2
w ere  p ro o f  of th e  low in c o rp o ra t io n s  of H in to  ( + ) -e c h in a t in e  (62 ) .
2 1 T he  only  H s ig n a ls  w hich  c o r r e s p o n d e d  w ith  an y  in  th e  H n . m . r .  of
2
(+ ) - e c h in a t in e ,  w ere  th o s e  d u e  to  th e  n a tu r a l  a b u n d a n c e  of H in  th e  
m e thy l g ro u p s  of th e  acid ic  p o r t io n .
R ad io sc an s  of silica gel G t . l . c .  p la te s  of 0 .25  mm th ic k n e s s  
d e v e lo p ed  w ith  c h lo ro fo rm -m e th a n o l-c o n c e n tra te d  ammonia (8 5 :1 4 :1 )  d id  
n o t  d e te c t  a n y  a p p re c ia b le  ra d io a c t iv i ty  in  a n y  of th e  n a tu r a l  p r o d u c t s .
137 .3 .3  S y n th e s is  a n d  F e e d in g  of C - lab e lled  P u t r e s c in e s
[ 1 - ^ C ] P u t r e s c i n e  (167) a n d  [ 2 , 3 - p u t r e s c in e  (168) w ere
s y n th e s i s e d  a s  th e i r  d ih y d ro c h lo r id e  s a l t s  b y  D r .  J .  R ana b y  l i t e r a t u r e
m e th o d s .  A q u a n t i ty  (30 mg) of each  was m ixed w ith [ l - ^ C ] -
p u t r e s c in e  (166) d ih y d ro c h lo r id e  (2 .5  nCi) , a n d  th e  m ix tu re  w as fe d  to
two y o u n g  C ynog lossum  offic inale  p la n ts  b y  th e  xylem  p r ic k in g  m e thod
o v e r  two s u c c e s s iv e  d a y s ,  a n d  th e  p la n ts  w ere  allowed to  grow  fo r  a
f u r t h e r  two w eeks p r io r  to h a r v e s t i n g .
13 1T he  50 MHz C -{  H} n . m . r .  s p e c tru m  of th e  a lkalo id  r e s u l t in g
from th e  fee d in g  of (167) show ed  e n h a n c e d  s ig n a ls  a t  54 .2 ,  6 1 .7 ,  62.0
13a n d  79 .7  p . p . m .  T he  spec if ic  in c o rp o ra t io n  of C was 1.93% p e r  C^- 
14u n i t ,  a n d  th a t  of C was 0.35% p e r  C ^ -u n i t .
13 1T h e  50 MHz C -{  H} n . m . r .  sp e c tru m  of ( + ) -e c h in a t in e
o b ta in e d  from th e  u se  of (168) was in c o n c lu s iv e  a s  a n y  d o u b le ts  w ere
o b s c u r e d  b y  no ise  on th e  b a s e l in e .  T he  spec if ic  in c o rp o ra t io n  p e r  C ^- 
14u n i t  fo r  C - p u t r e s c in e  (166) was 0.27% as  m e a su re d  b y  sc in t il la tion  
c o u n t in g .
B o th  a lka lo ids  from th e  above  e x p e r im e n ts  w ere  h y d ro ly s e d  in 
a lka line  so lu tion  to  p ro v id e  sam ples  of ( + ) -h e l io t r id in e  w hich w ere  b o th  
r a d io a c t iv e  (94-96% of th e  spec if ic  r a d io a c t iv i ty ) ,  a lbe it  w ith  low 
in c o rp o ra t io n s  (0 .  25-0. 30% p e r  C ^ - u n i t ) .
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7 .3 .4  E x p e r im e n ts  u p o n  8(3~Necine B ases
7 . 3 .4 .1  E x tra c t io n
C ynog lossum  a u s t r a le  p la n ts  w ere  g row n locally  from se e d s
p r o v id e d  b y  D r .  C . C . J .  C u lv e n o r  of th e  C . S . I . R . O . ,  A u s t ra l ia .  S evera l
y o u n g  p la n ts  ( to ta l  w e ig h t  400g) w ere h a r v e s t e d ,  w ash ed  with w a te r ,  a n d
r e p e a te d ly  e x t r a c t e d  w ith  m ethanol u n t i l  th e  e x t r a c t s  w ere  co lo u r le s s .
T h e  com bined  m ethanol e x t r a c t s  w ere  t r e a t e d  in  th e  same m a n n e r  as  th o se
of C ynog lossum  offic inale  (S ec tion  7 .2 .1 )  to  p ro v id e  a m ix tu re  (640 mg,
0.16%) of two p y r ro l iz id in e  a lk a lo id s .  A f te r  s e v e ra l  a t te m p ts ,  su c c e s s fu l
s e p a ra t io n  was a c h ie v e d  b y  column c h ro m a to g ra p h y  on b as ic  alumina a n d
elu tion  w ith  g ra d u a l ly  in c re a s in g  p r o p o r t io n s  of m ethanol ( 0- 1 . 0 %) in
d ic h lo ro m e th an e .  T he  major a lkalo id  iso la ted  was (+ ) - c y n a u s t r a l in e  (172)
as  a gum , 345 mg, 0.32, [ o t ] ^  + 4 3 .2 °  (c 2 .0 ,  MeOH) ( l i t .  ^ a , ] ^
+ 4 8 .0 ° ,  c 1 .1 ,  E tO H ); v (CHCJ> ) 3369, 2966, 2931, 1729 a n d  1232 — m a x . 3
cm’ 1: 6 (200 MHz) 0 .87  a n d  0.91 ( 6 H, b o th  d ,  J  6 . 9 H z, 16- a n d  17-H ) ,
H J
1.22 ( 3H, d , J  6 . 6  H z, 14-H3) , 1.69 (1H, m, 7 -H ) ,  1.94 (2H, m, 6 - H 2) ,
2 .01 (1H , m, 2 -H ) ,  2.10 (1H, m, 7 -H ) ,  2.15 (1H, m, 2 -H ) ,  2.19 ( 1H, 
d q ,  J  7 .0  H z, 1 5 -H ) , 2.21 (1H , m, 1 - H ) , 2.66 (1H, d t ,  J  6 .5  a n d  3.5  
H z, 3 - H ) , 2.74 (1H , d t ,  J  11.0 a n d  6 .5  H z, 5 - H ) , . > ' T
3 .26  (1H , d t ,  J  9 .9  a n d  6 .4  H z, 5 -H ) ,  3.48 (1H , d t ,  J  7 .1
a n d  3.3 Hz, 3 -H ) ,  3.76 (1H, m, 8 - H ) , 3 .99 (1H , q ,  J  6 . 6  Hz, 1 3 -H ) ,
4 .20  a n d  4 .31  p . p . m .  (2H , dABq J  11.9 a n d  7 .1  Hz, 9 -H ^); <5C
(50 MHz) 15.7 a n d  16.8 (C -16  a n d  - 1 7 ) ,  17.4 (C -1 4 ) ,  25 .7  { C - l ) ,  30.3 
( C - 6 ) , 31 .8  a n d  32.0  (C -2  a n d  - 1 5 ) ,  45 .2  ( C - l ) ,  55.5 a n d  55.7 (C -3  
a n d  - 5 ) ,  65 .3  a n d  67.3 (C - 8  a n d  - 9 ) ,  7106 (C -13) , 83 .9  (C -1 2 ) ,  a n d
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172.3 p . p . m .  ( C - l l ) ;  m /z 285 (M+) (2%), 181, 141, 124, 83, 57 a n d  43
(100%) (F o u n d :  M+, 285.3837. C ^ H ^ N O ^  r e q u i r e s  M, 285.3826).
1 5ftT he  p ic ro lo n a te  h a d  m .p .  147-148°C ( l i t .  m .p .  149“ 150°C) (F ound : 
C , 54.45; H, 6 .59 ; N , 12.93. r e q u i r e s  C , 54.59; H,
6 .37 ; N , 12.73%).
R
T he  minor alkalo id  iso la te d  w as ( + ) -c y n a u s t in e  (1 7 3 ) ,  90 mg, 
f 0 .3 5 ,  [ a ] ^ 1 + 15 .2°  (c 1 .7 ,  MeOH) ( l i t . 1 5 0  [ a ] ^ °  + 1 3 .2 ° ,  c 1 .6 ,
E tO H ); v ( C H C £ J  3200, 2965, 2933, 1726, a n d  1218 cm 1;
m a x . d H
(200 MHz) 0 .89 a n d  0.96 ( 6 H, b o th  d ,  J  6 . 8  H z, 16- a n d  17-H 3) ,  1 .24
(3H, d ,  J  6 .0  H z, 14-H3) ,  1.59 (1H, m, 7 -H ) ,  1.76 (2H, m, 6 - H 2) ,
1 .99 (1H, m, 7 -H ) ,  2.17 (1H, d q ,  J  6 .9  H z, 1 5 -H ) , 2 .50 (1H, m, 5 -H ) ,
3.15 (1H , m, 5 -H ) ,  3.38 (1H , d d ,  J  3 .7  a n d  1 .2  Hz, 3 -H ) ,  3.83 (1H,
d d ,  J  3 .5  a n d  1.5  Hz, 3 -H ) ,  4 .02  (1H, q ,  J  6 .2  Hz, 13 -H ),  4 .38  ( 1H,
m, 8- H ) , 4 .73  a n d  4 .90 (2H , A B q , J  11.0 Hz, 9 -H 2) , a n d  5.70 p . p . m .
(1H, b r  s ,  2 -H );  6 c (50 MHz) 15.9 a n d  17.1 ( 0 1 6  a n d  - 1 7 ) ,  17.5
( 0 1 4 ) ,  25.6 ( 0 6 ) ,  29 .9  ( 0 7 ) ,  32.3 ( 0 1 5 ) ,  54.2 ( 0 5 ) ,  60 .4  ( C - 3 ) ,
63 .6  ( C - 9 ) , 67 .9  ( C - 8 ) ,  71 .1  (C -1 3 ) ,  83 .8  (C -1 2 ) ,  121.3 ( C - 2 ) ,  134.7
( C - l ) ,  a n d  173.0 p . p . m .  ( C - l l ) ;  m /z 283 (M+) (4%), 239, 179, 151,
139, 122, 93, 80, 55 a n d  43 (100%) (F o u n d :  M + , 283.3641. C 1 5 H 2 5 N 0 4
150r e q u i r e s  M, 283 .3668). T he  p ic ra te  h a d  m .p .  134-135°C ( l i t .  m .p .
135-136°C) (F o u n d :  C , 49 .41; H , 5 .24; N, 11.29. c 2i H 28N4°11
r e q u i r e s  C , 49.17; H, 5 .46; N, 10.93%).
Each  of th e s e  a lka lo ids  was h y d r o ly s e d  in t u r n  w ith  b a r iu m
191h y d ro x id e  to  p ro v id e  sam ples of ( - ) - v i r id i f lo r i c  ac id  (67) from b o th
(172) a n d  (1 7 3 ) ,  ( + ) - i so re t ro n e c a n o l  (22) from (172 ) ,  a n d  (+ ) - s u p in id in e  
(24) from (1 7 3 ) .  All c h a ra c te r iz a t io n  d a ta  a g r e e d  w ith  l i t e r a t u r e  
v a l u e s . 1 5 0 - 1 5 1 ’ 1 9 1
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2
7 .3 .4 .2  F eed ing  of H - lab e l led  p u t r e s c in e s
A sample of each  ^H -labelled  p u t r e s c in e  [ (103) — (108 ) ,  (1 5 0 ) ] ,
14(200 mg) was m ixed w ith  a know n q u a n t i ty  (5 p.Ci) of [ 1 ,4 -  C ] -
p u t r e s c i n e  (1 6 6 ) ,  a s  th e i r  d ih y d ro c h lo r id e s ,  a n d  fed  as  s te r i le  a q u eo u s  
so lu tio n s  to  b a tc h e s  of y o u n g  C ynoglossum  a u s t r a l e  on five  a l te r n a te  d ay s  
b y  th e  xylem  p r ic k in g  m ethod . A f te r  a f u r t h e r  two w eeks  g row ing  time, 
th e  p la n t s  w ere  h a r v e s t e d  a n d  th e  a lka lo id  m ix tu re  w as e x t r a c t e d  as  
b e fo re .  T he  spec if ic  in c o rp o ra t io n s  p e r  C ^ -u n i t ,  as  seen  b y  ra d io a c t iv e
sc in t i l la t io n  c o u n t in g  of an  a l iq u o t in m e thano l,  w ere  all ~ 0 . 1 % in
2 2 m a g n itu d e .  T he  31 MHz H n .m „ r .  s p e c t r a  show ed  s igna ls  due  to  H
p r e s e n t ,  b u t  t h e r e  was n e v e r  an y  c o r re s p o n d e n c e  with th e  s ig n a ls
p r e s e n t  in th e  ^H n . m . r .  s p e c t r a .
2
T h e  following sum m er, H -lab e l led  p u t r e s c i n e s  [ (105)-(107)  ]
w ere  aga in  fe d  to b a tc h e s  of C ynog lossum  a u s t r a l e , b u t  e a r l ie r  in th e i r
g row ing  s e a s o n ,  a n d  well b e fo re  th e y  w ere  d u e  to  flow er.  T he  same
low m a g n itu d e  of in c o rp o ra t io n s  (0 .3 -0 .6%  p e r  C ^ -u n i t )  w ere  seen  a f t e r
2
h a r v e s t i n g ,  e x t ra c t io n  a n d  s e p a ra t io n .  T he  55 MHz H n . m . r .  s p e c t r a
2gave  p ra c t ic a l ly  no  s ig n a ls  a s  e v id en ce  of a n y  H in c o rp o ra t io n .
A lkaline h y d ro ly s i s  a n d  sc in t il la tion  co u n t in g  a s  b e fo re  gave  ra d io a c t iv e  
sam ples  of b o th  8 $ -n e c in e s ,  co n ta in in g  > 95% of th e  specif ic  r a d io a c t iv i ty .
3
7 .3 .4 .3  F eed in g  of H -lab e l led  com pounds
[ 1 ,4 - ^ H ]P u tre s c in e  (174) d ih y d ro c h lo r id e  (1 mCi, 37 MBq) was 
f e d  b y  th e  wick m e thod  w hich  in v o lv e d  th r e a d in g  th e  stem  of a y o u n g  
p la n t  a n d  immersion of th e  e n d s  of th e  t h r e a d  in  a v ia l co n ta in in g  a 
s te r i l e  a q u e o u s  so lu tion  of (174 ) .  F ive y o u n g  C ynog lossum  a u s t r a le
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p la n ts  w ere  u s e d ,  a n d  th e  ra d io a c t iv e  sample was d i lu te d  to 1 ml a n d  
d iv id e d .  A f te r  two s u c c e s s iv e  day s  of f e e d in g ,  th e  p la n ts  w ere  
allowed to grow  fo r  two f u r t h e r  w eeks a n d  th e n  h a r v e s t e d  (w et w eigh t 
3 k g )  a n d  e x t r a c t e d  with m ethanol as  b e fo re .  An a l iq u o t of th e  
m ix tu re  of p y r ro l iz id in e  a lka lo ids  was s u b je c te d  to  ra d io a c t iv e  sc in t i l l -
3
ation  c o u n t in g  to r e v e a l  an  a v e ra g e  H in c o rp o ra t io n  of 1.2% p e r  C ^- 
u n i t .  T h is  m ix tu re  (500 mg) was s e p a r a t e d  as b e fo re  to  g ive t r i t i a t e d  
sam ples of ( + ) - c y n a u s t r a l in e  (172) (300 mg, 1.05 mmol, 5 .9  nCi) a n d  
( + ) -c y n a u s t in e  (173) (85 mg, 0.30 mmol, 2 .1  u C i) .  T h e se  a lkalo ids  
w ere  h y d r o ly s e d  as d e s c r ib e d  p re v io u s ly .  H y d ro ly s is  of (172) 
p r o v id e d  ( + ) - i so re t ro n e c a n o l  (22) (95 mg, 0 .67 mmol, 3 .8  nCi), m .p .
39-41°C ( l i t . 1 5 1  m .p .  40-41°C ); [ a ] ^ 4 + 6 5 . 1 °  (c 2.6,M eOH) ( l i t . 1 5 1
20 -1  [ c t r  + 7 1 .7 ° ,  c 1 .0 ,  E tO H ); v (C H C & J 3350 cm ; 6 (90 MHz)D — m a x . 3 H
1.70 ( 2H, m, 7- a n d  2 -H ) ,  1.95 (2H, m, 2- a n d  6 - H ) ,  2.01 (1H, m,
7 -H ) ,  2.05 (1H, m, 1 -H ) ,  2.60 (2H, m, 3- a n d  5 -H ) ,  3 .04  (1H, m, 5 -H ) ,
3 .22 (1H, d t ,  J  9 .0  a n d  4 .5  Hz, 3 -H ) ,  3.33 (1H, m, 8 - H ) ,  3.63 (2H,
d d ,  J  6 .0  a n d  1 .5  H z, 9- H 2) ,  a n d  4.32 (2H, b r  s ,  OH). M onoester
(173) f u r n i s h e d ,  u pon  a lka line  c le a v a g e ,  ( + ) -su p in id in e  (24) (33 mg,
0 .24  mmol, 1 .2  u C i ) , [ a ] ^ 4  + 8 .5 °  (c 2 .6 ,  MeOH) ( l i t . 1 5 0  [ a ]^ °  + 9 .2 ° ,
c 2 .1 ,  E tO H ); v (C H C & J  3330 cm” 1; 6 t (90 MHz) 1.56 (1H, m,— m a x . 3 H
7 -H ) ,  1.76 ( 2H, m, 6 - H 2) ,  1.99 (1H, m, 7 -H ) ,  2 .50 (1H, m, 5 -H ) ,  3.06
(1H, m, 5 -H ) ,  3.21 (1H, m, 3 -H ) ,  3.75 (1H, m, 3 -H ) ,  4 .13 (1H, m,
8 - H ) ,  4 .21  (2H, d d ,  J  13.1 a n d  2 .0  Hz, 9 -H 2) , 4 .31 (2H, b r  s ,  O H ),
a n d  5.50 p . p . m .  (1H, b r  s ,  2 -H ).
A sample of th e  r a d io a c t iv e  ( + ) - i so re t ro n e c a n o l  (22) (20 mg
14~ 0 .9  M-Ci) was m ixed w ith a q u a n t i ty  of [ 1 ,4 -  C J p u t r e s c in e  (166)
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3 14d ih y d ro c h lo r id e  (~ 0.075 M.C1), a n d  th e  H: C ra t io  was m e a su re d  b y
sc in t il la tion  co u n t in g  (1 1 .7 ) .  T he  m ix tu re  was d i lu te d  ( to ta l  volume 
1 ml) a n d  fe d  to  t h r e e  y o u n g  C ynog lossum  a u s t r a l e  p la n ts  b y  th e  wick 
m e thod  o v e r  two s u c c e s s iv e  d a y s .  A f te r  one week, th e  p la n ts  (175g) 
w ere  h a r v e s t e d ,  e x t r a c te d  with m e thano l,  a n d  th e  a lkalo id  m ix tu re  
(150 mg, 0.09%) was iso la ted  an d  s e p a r a t e d .  T he  ^ H : ^ C  ra t io s  
p r e s e n t  in th e  sam ples of ( + ) -c y n a u s t r a l in e  (172) (70 mg) a n d  (+ ) -  
c y n a u s t in e  (173) (25 mg) r e s u l t in g  from th i s  e x p e r im e n t  a r e  d e ta i le d  in 
T ab le  5.
T he  same am ount of p r e c u r s o r s ,  w ith  th e  same ra t io  (1 1 .7 )
of ra d io a c t iv e  la b e ls ,  was fe d  to  one Senecio  p le is to c e p h a lu s  p la n t  o v e r
two d ay s  b y  th e  wick m ethod . T he  p la n t  was allowed to grow  fo r  a
w eek p r io r  to h a r v e s t i n g  (5 5 g ) ,  a n d  th e  a lkalo id  (175) (25 mg, 0.06%)
was e x t r a c t e d  in th e  u s u a l  w ay. The rad io a c t iv e  r a t io  was m e a su re d  b y
sc in t il la tion  c o u n t in g  (T ab le  5).
A sample of ra d io a c t iv e  (+ )- s u p  in i d ine  (24) (15 mg, ~ 0 .6  uCi)
14was m ixed w ith  an  a l iq u o t of C - p u t r e s c in e  (166) d ih y d ro c h lo r id e
3 14(0 .075  iaCi) a n d  th e  H: C ra t io  was m e a su re d  b y  sc in t il la tion  c o u n tin g
( 7 .6 ) .  T he  m ix tu re  was d i lu te d  ( to ta l  volume 1 ml) a n d  fe d  to two 
y o u n g  C ynog lossum  a u s t r a l e  p la n ts  b y  th e  wick m ethod  o v e r  two s u c c e s s ­
ive  d a y s .  A f te r  one w eek , th e  p la n ts  w ere  h a r v e s t e d  (13 0 g ) ,  e x t r a c te d  
w ith  m e thano l,  a n d  th e  a lka lo id  m ix tu re  ( 1 0 0  mg, 0.08%) was iso la ted
a n d  s e p a r a t e d  to  f u r n i s h  ( + ) - c y n a u s t r a l in e  (172) (45 mg) a n d  (+ )-
3 14c y n a u s t in e  (173) (16 m g ) .  T he  H: C r a t io s  in  each  of th e  m o n o e s te rs
a r e  d e ta i le d  in  T ab le  5. T he  a lka lo ids  all g av e  c o r r e c t  an a ly tic a l  d a ta .
7 .3 .5  S y n th e s is  a n d  F eed in g  of 2 -M e th y lp u tre sc in e s
7 .3 .5 .1  S y n th e s i s  of 2 -m e th y lp u t re s c in e s
R -(  + ) -3 -M eth y la d ip ic  diamide ( 1 7 8 ) . -  R - (  + ) -3 -M eth y la d ip ic
ac id  (177) (9 .2 2 g ,  57.6 mmol) was d is s o lv e d  in  e th an o l a t  -40°C  with
s t i r r i n g .  D ry  ammonia gas (600 ml) w as d is t i l le d  from sodium a n d
b u b b le d  t h r o u g h  th e  re a c t io n  m ix tu re  o v e r  5h a t  -4 0 °C .  A w hite
p r e c ip i ta te  fo rm ed  im mediately „ T he  re a c t io n  te m p e ra tu r e  was allowed
to  warm up  to  room te m p e ra tu r e  (20°C) o v er  14h, th e n  th e  so lv en t  was
rem o v e d  in v a c u o . T he  r e s u l t a n t  w hite  so lid  was r e c r y s ta l l i s e d  from
w a te r  to  g ive  th e  t i t le  com pound (178) as  a d ih y d ra te  (9 .5 2 g ,  49 .1
mmol, 85.2%), m .p .  188-189°C (H ?0 )  ( l i t . 1 5 3  m .p .  191°C); [ a ] 2 0u D
+ 15 .8°  (c 2 .0 ,  H „0 )  ( l i t . 1 5 3  [ a ] 2 2  + 14 .7° ,  H o0 ) ;  v (K Br) 2950, — z D c m a x .
2940, 2850, 1569, a n d  1545 cm "1; 6 u (90 MHz, D -O ) 0 .8S  (3H, d , J
H u  —
7.0  H z, 7-H 3) ,  1 .1 5 -1 .6 8  (3H, m, 3-H a n d  4 -H 2) , a n d  2 .0 7 -2 .3 5  p . p . m .  
(4H , m, 2- a n d  5 -H 2) ; 6 c (25 MHz, D 2 0 )  19.4 ( C - 7 ) ,  31.4 ( 0 4 ) ,
33.6 ( C - 3 ) ,  36.9 ( C - 5 ) ,  43 .8  ( C - 2 ) ,  183.6 a n d  184.4 p . p . m .  ( C - l  a n d  
- 6 ) ;  m /z 142 (M+-16) (4%), 114, 101, 83, 69, a n d  55 (100%) (F o u n d :  
M+-1 6 , 142.1761. C^H 3 2 N 0 2 r e q u i r e s  M-16, 142.1773) (F o u n d :  C,
43.31; H, 9 .04 ; N , 14.21. C ?H 1 4 N 2 0 2 .2H zO r e q u i r e s  C , 43.29; H,
9.28; N, 14.43%).
R - (+ ) -2 -M e th y lp u t r e s c in e  (176) d ih y d r o c h lo r id e . -  B rom ine 
(1 0 .2 g ,  63 .8  mmol) was a d d e d  d ro p w ise  to  a s t i r r i n g  so lu tion  of sodium  
h y d ro x id e  (1 4 .2 g ,  335.0 mmol) in  w a te r  (28 ml) a n d  ice  (4 0 g ) .
R - (+ ) -3 -M e th y la d ip ic  diamide (178) d ih y d ra te  ( 5 .0 g ,  25.8  mmol) was 
a d d e d  c a u t io u s ly  in  small p o r t io n s  to th e  r e a c t io n  m ix tu re ,  w hich  was
169
153th e n  w arm ed a t  40°C u n ti l  th e  m ix tu re  becam e c le a r  ( l h ) .  H eating
was c o n t in u e d  fo r  a f u r t h e r  4h, b e fo re  th e  r e a c t io n  so lu tion  was cooled, 
f i l t e r e d  an d  sh a k e n  g e n t ly  w ith  b en zo y l  ch lo r id e  (12g , 85 .4  mmol),
T h e  d ibenzoy l p u t r e s c in e  d e r iv a t iv e  (179) was f i l te r e d  off a n d  r e c r y s t a l l ­
is e d  from 95% a q u e o u s  e thano l ( 6 . 8 8 g ,  22.2 mmol, 86.0%), m .p .  150-151°C 
( l i t . 1 5 3  m .p .  154°C ); [ a ] 2 0  + 1 ,0 °  (c  2 .0 ,  MeOH) ( l i t . 1 5 3  [ a ] 1 5  + 1 .2 ° ,
p y ) ;  V (CHC&,,) 1694 cm "1; 6 „ (90 MHz, D 90 )  0.89 p . p . m .m a x • d H ^
( 3H , d ,  J  6 . 6  Hz, 7 -H 3) ,  1 .3 1 -1 .6 3  (3H, m, 3-H a n d  4 -H £) , 3.83 (4H, 
m, 2- a n d  5 -H 2) ,  7.46 ( 6 H , m, m- a n d  p - A r - H ) ,  a n d  8.10 p . p . m .  (4H, 
d d ,  J  7 .0  a n d  1.8 Hz, o -A r -H ) ;  m/z_ 310 (M+) (0.3%) (F o u n d : C , 73.61;
H, 7 .04; N, 8 .74 . C ^ H ^ N ^  r e q u i r e s  C, 73.55; H, 7 .10; N, 9.03%).
T h is  R - ( + ) - N ,N '- d ib e n z o y l - 2 - m e th y lp u t r e s c in e  (179) was 
d is so lv e d  in  c o n c e n t r a te d  h y d ro c h lo r ic  ac id  (10M, 25 ml) in  a tu b e .
T he  v e s s e l  was sea le d  a n d  h e a te d  a t  130°C with s t i r r i n g  fo r  13h b e h in d
a s a fe ty  sh ie ld .  Upon cooling , th e  p r e c ip i ta te  was f i l te r e d  off,  a n d  
e v a p o ra t io n  of th e  f i l t r a te  to d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e  a f fo rd e d  
R - ( + ) - 2 - m e th y lp u t r e s c in e  (176) d ih y d ro c h lo r id e  (3 .4 0 g ,  19.4 mmol, 75.2% 
from d iam id e ) ,  m .p .  145-147°C ( l i t .  1 5 3  m .p .  143°C ); + 6*0°
(c 2 .0 ,  H 90 )  ( l i t . 1 5 3  [ a ] 2 2  + 5 .6 ° ,  H ?0 ) ;  v (K B r) 3080, 3023,
Li d  Lt m a x  •
1473 a n d  1451 cm "1; (90 MHz, D 2 0 )  1.18 (3H, d ,  J  7 .1  Hz, 5-H 3) ,
I .8 0  (3H , m, 2-H a n d  3-H 2) a n d  3.11 p . p . m .  (4H, m, 1- a n d  4 -H 2);
6 C (25 MHz, F>20  w ith  1 ,4 -d io x a n  as s t a n d a r d  a t  69.1  p . p . m . )  19.4 (C -5) ,
31 .0  ( C - 3 ) ,  34 .6  ( C - 2 ) ,  42.5 (C -4) a h d  48 .2  p . p . m ,  ( C - l ) ;  m/z 103 
(MH+) (2%), 91, 69, 57 a n d  36 (100%) (F o u n d : MH + , 103.1885.
C 3H 3 3 N 2 r e q u i r e s  MH, 103.1869) (F o u n d : C ,  34.35; H, 9 .29; N, 15.66.
C 5H l6 N 2C il2 r e q u i r e s  C > 34.28; H, 9 .14; N, 16.00%).
(± )-3 -M ethy lad ip ic  diamide (1 8 1 ) . -  Racemic 3 -m ethy lad ip ic
ac id  (180) (5 g ,  31.3 mmol) was c o n v e r t e d  a s  b e fo re  in to  racem ic 3-
m e thy lad ip ic  diamide (181) d ih y d r a t e  (4 .7 g ,  24.2 mmol, 77.2%), m .p .
184 -5°C ; v (K B r) 2955, 2942, 2850, 1570 a n d  1540 cm "1; 6m a x . H
(90 MHz, D 20 )  0.89 (3H, d ,  J  7 .0  Hz, 7-H 3) ,  1 .2 0 -1 .6 6  (3H, m, 3-H 
a n d  4 -H 2) , a n d  2 .0 5 -2 .3 3  p . p . m .  (4H, m, 2- a n d  5-H 2); 6 C (25 MHz, 
D 20 )  19.5 ( C - 7 ) ,  31.6 ( C - 4 ) ,  33.9 ( C - 3 ) ,  38 .1  ( C - 5 ) ,  44 .0  ( C - 2 ) ,
184.6 a n d  184.9 p . p . m .  ( C - l  a n d  -6 ) ;  m/z 142 (M+-16) (5%), 114, 101,
69 a n d  55 (100%) (F o u n d : M+-1 6 , 142.1781. CyH 32N 0 2 r e q u i r e s  M-16,
142.1773) (F o u n d :  C, 43.21; H, 8 .99 ; N, 14.49. c 7t i u N 2 ° 2 ‘ 2H2 °
r e q u i r e s  C , 43.29; H, 9 .28; N, 14.43%).
(± ) -2 -M e th y lp u t re s c in e  (1 8 3 ) . -  Racemic 3 -m ethy lad ip ic  diamide 
(181) d ih y d r a t e  ( 3 .9 g ,  20.1 mmol) was r e a c te d  in  th e  m a n n e r  of (178) 
to  form th e  d ibenzoy l d e r iv a t iv e  (182) (F o u n d :  C , 73.54; H, 6 .87;
N, 9 .1 6 .  C 3gH22N 20 2 r e q u i r e s  C , 73.55; H, 7 .10 ; N , 9.03%). T h is
(± )-N , N '-d ib e n z o y l -2 -m e th y lp u t r e s c in e  (179) was h y d r o ly s e d  w ith  c o n c e n ­
t r a t e d  h y d ro c h lo r ic  ac id  u n d e r  s ea le d  tu b e  con d it io n s  to p ro v id e  th e  
t i t le  com pound  (183) a s  th e  d ih y d ro c h lo r id e  sa l t  ( 2 .9 g ,  16.4  mmol, 81.6%),
m .p .  142-3° C ; v (K B r) 3081, 3025, 1475 a n d  1452 cm "1; 6 (90^  m a x . H
MHz, D zO) 1.15 ( 3H, d , J  7 .0  Hz, 5-H 3) , 1.83 (3H, m, 2-H a n d  3 -H 2), 
a n d  3.10 p . p . m .  (4H, m, 1- a n d  4 -H 2); <5 c (25 MHz, D 20  w ith  1 ,4 -
d ioxan  a s  in t e r n a l  s t a n d a r d  a t  69.1  p . p . m . )  19.4  (C -5 ) ,  31 .1  (C -3 ) ,
34.5  ( C - 2 ) ,  42 .8  (C -4 )  a n d  47.9 p . p . m .  ( C - l ) ;  m /z  103 (MH+) (1%),
91, 67, 57 a n d  36 (100%) (F o u n d :  MH+, 103.1864. C 5H 15N 2 r e q u i r e s  
MH, 103.1869) (F o u n d :  C, 34.46; H, 9 .21; N, 16.29. C 5H 16N 2C&2 
r e q u i r e s  C , 34.28; H, 9 .14; N, 16.00%).
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( ± ) - [  H ]-3 -M eth y lad ip ic  a c i d . -  Sodium h y d ro x id e  (0 .5 3 g ,
13.3  mmol) was d is so lv e d  in d eu te r iu m  oxide (50 ml) a n d  racem ic 3- 
m e th y lad ip ic  ac id  (180) ( l g ,  6 .25  mmol) w as a d d e d .  T he  r e a c t io n  was 
h e a t e d  a t  r e f lu x  te m p e ra tu r e  fo r  14h, th e n  was allowed to  cool, ac id if ied  
a n d  th e  ac id  was e x t r a c t e d  w ith  d ie th y l  e t h e r  (4 x  50 ml) . T he  o rg an ic  
l a y e r s  w ere  d r ie d  o v e r  a n h y d r o u s  sodium s u lp h a te  a n d  e v a p o ra te d  to 
d r y n e s s  to  leave  a w hite  so lid .  T he  90 MHz n . m . r .  sp e c tru m  of 
th i s  so lid  in D 2 O was iden tica l  w ith t h a t  of th e  s t a r t in g  ac id  (180).
No e x c h a n g e  seem ed to h a v e  ta k e n  p lace  as  e v id e n c e d  b y  in t e g r a t io n .
Racemic 3 -m ethy lad ip ic  ac id  (180) ( l g ,  6 .25  mmol) w as d is so lv ed  
in  d ilu te  h y d ro c h lo r ic  ac id  so lu tion  (4M) in E^C) (50 ml), th e n  h e a te d  a t  
r e f lu x  te m p e ra tu r e  fo r  18h, a n d  allowed to cool. E x tra c t io n  of th e  
s u b s t i t u t e d  adip ic  ac id  w ith  d ie th y l  e t h e r  (4 x  50 m l), w as followed b y  
rem oval of th e  so lv en t  in v a c u o . T he  90 MHz ^H n . m . r .  s p e c t ru m  of 
th e  r e s u l t a n t  w h ite  solid  was also id en tica l  in  all r e s p e c t s  to th a t  of th e  
o r ig in a l  ac id  (180 ) ,  in c lu d in g  th e  in te g ra t io n  of th e  p e a k s .
Racemic 3 -m ethy lad ip ic  ac id  (180) (500 mg, 3.12 mmol) was 
d is so lv e d  in d e u te r iu m  oxide (25 ml) in a tu b e .  T he  v e s se l  was sea led  
a n d  s t i r r e d  a t  180°C fo r  24h b e h in d  a s a fe ty  s c r e e n .  T he  rea c t io n  was 
allow ed to  cool o v e r  6h , a f te r  w hich time th e  s o lv e n t  was rem o v e d  u n d e r  
r e d u c e d  p r e s s u r e ,  a n d  a w hite  solid  was o b ta in e d .  T he  90 MHz ^H 
n . m . r .  s p e c t ru m  of th e  p r o d u c t  was id e n tica l  in most r e s p e c t s  w ith  t h a t  
of th e  s t a r t i n g  m a teria l  (1 8 0 ) ,  b u t  th e  in te g ra t io n  of th e  s ig n a ls  d u e  to
2 - H 2 a n d  5- H 2 was only  ~ 75% of th e  m ag n itu d e  of th e  s ig n a ls  of th e  
u n la b e l le d  m a te r ia l .
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[ H j-3 -M eth y lad ip ic  a c i d s . -  Racemic 3 -m ethy lad ip ic  ac id  (180)
(500 m g, 3 .12 mmol) w as d is so lv e d  in  t r i t i a t e d  w a te r  (T^O) (4 ml, ~ 15
3
mCi) sind a ra d io a c t iv e  tr i t iu m  ( H) label w as i n s e r t e d  b y  th e  above
3
e x p e r im e n ta l  p r o c e d u r e  to  p ro d u c e  a sample of [ H ]- (1 8 0 )  (448 mg, 2.80
mmol, 89.7%) w ith an  a c t iv i ty  of 25 .7  p.Ci (9 .2  uCi mmol).
Similar t r e a tm e n t  of R - (  +)-m e th y lad ip ic  ac id  (177) (500 mg,
3.12 mmol) p r o v id e d  [ 3H ]-(1 7 7 )  (477 mg, 2.98 mmol, 95.4%) w ith an
a c t iv i ty  of 8 . 8  p,Ci (2 .9  |aCi mmol ^) .
3
T he  racem ic [ H ] -3 -m e th y la d ip ic  ac id  (180) was r e a c te d  as
3
d e s c r ib e d  p re v io u s ly  to  p ro v id e  [ H ]-(1 8 1 )  (420 m g, 2.16 mmol, 77.3%;
_ 1  1 9 3  3
19.2 nCi, 8 . 8  [iCi mmol ) ,  a n d  Hofmann con d it io n s  f u r n i s h e d  [ H ] -  
(183) (285 mg, 1.63 mmol, 75.3%; 13.5 p.Ci, 8 .3  gCi mmol ^ ) .
3
T he  sample of [ H ] - R - ( + ) - 3 -m ethy lad ip ic  ac id  (177) was u s e d
to f u r n i s h  [ 3H ]-(1 7 8 )  (447 mg, 2 .30 mmol, 77.3%; 7.2 nCi, 3.0 nC i
-1  193 3mmol ) ,  a n d  Hofmann r e a r r a n g e m e n t  e v e n tu a l ly  p r o v id e d  [ H ]-(1 7 6 )
(340 mg, 1.93 mmol, 84.1%, 5.0 p.Ci, 2.6 uC i mmol 3) .
7 .3 .5 . 2  F eed in g  of [ 3H j- 2 - m e th y lp u t r e s c in e s
C ynog lossum  officinale  a n d  Emilia flammea w ere  g row n  on open 
g r o u n d  b y  th e  B o ta n y  D e p a r tm e n t ,  Glasgow U n iv e r s i ty ,  an d  Senecio  
p le is to c e p h a lu s  was g row n in a g r e e n h o u s e .  All r a d io a c t iv e  m ix tu re s  
w ere  f e d  as  s te r i le  a q u e o u s  so lu tions  ( 1  ml) b y  th e  wick m ethod , o v e r  2 
s u c c e s s iv e  d a y s .  T he  p la n ts  w ere  allow ed to grow for one week from 
th e  la s t  day  of f e e d in g ,  p r io r  to  h a r v e s t i n g ,  m ethanolic e x t ra c t io n  a n d  
iso la tion  of th e  r e s p e c t iv e  a lk a lo id s .  All p u t r e s c i n e s  w ere u s e d  as  th e i r  
d ih y d ro c h lo r id e  s a l t s ,  a n d  w ere  fe d  as  d e ta i le d  in T ab le  7. T he  r a d io -
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a c t iv e  m ix tu re s  w ere  d i lu te d  w ith  u n la b e l le d  m ethy lpu tr-esc ine  b e fo re  
f e e d i n g .
R ad ioac tive  sc in til la tion  c o u n t in g  was u s e d  to  m e asu re  th e
3 14H: C r a t io s  p r e s e n t  in  th e  m ix tu re  p r io r  to  feed in g  a n d  in  th e
a lka lo ids  iso la ted  a f t e r  e x t ra c t io n .  R ad io sc an s  of th e  two sam ples of 
(175) iso la te d  on silica gel G p la te s  of 0 .25 mm th ic k n e s s  d ev e lo p ed  with 
ch lo ro fo rm -m e th a n o l-c o n c . ammonia (8 5 :1 4 :1 )  show ed  on ly  one ra d io a c t iv e  
b a n d  (R£ 0 .30) in b o th  c a s e s .  T h is  was co in c id en t  w ith  a n o n - r a d io ­
a c t iv e  sample of ro sm a r in in e  (175).
7 .3 .6  S y n th e s i s  a n d  F eed in g  of 2 -F lu o ro p u t re s c in e s
7 .3 .6 .1  S y n th e s is  of ( ± ) -2 - f lu o ro p u t r e s c in e
( t )  -D ie thy lm ala te  (1 9 1 ) . -  Racemic malic ac id  (40g , 0.298 mole)
was d is so lv e d  in a r a p id ly  s t i r r e d  so lu tion  of e th an o l  (125 m l). T o luene
(80 m l), conc .  h y d ro c h lo r ic  ac id  ( 1  m l), a n d  a f u r t h e r  am ount of
e th an o l (50 ml) w ere  a d d e d  to  th e  re a c t io n  m ix tu re ,  w hich  was th e n
169h e a te d  a t  40°C fo r  8h .  T he  aze o tro p ic  m ix tu re  of e th a n o l ,  to luene
a n d  w a te r  was d is t i l le d  off u n d e r  r e d u c e d  p r e s s u r e  below 50°C.
T o luene  (80 ml) a n d  e th an o l  (125 ml) w ere  a d d e d  to th e  r e s id u e ,  a n d  
th e  so lu tion  h e a te d  a t  40°C fo r  8 h  a g a in .  T he  so lv en t  w as rem oved  in 
v acuo  a s  b e f o r e ,  a n d  th e  r e s id u e  w as d is t i l le d  ( b . p .  0 .30 mm H g/120°C ) 
( l i t . ^ ^  27 mm H g /150 -2°C ) to y ie ld  ( ± )-d ie th y lm a la te  (191) a s  a c lea r  
oil (5 0 .9 g ,  0.268 moles, 89.9%); v ( th in  film) 3485, 2982, 2941,IHcl2£ •
a n d  1737 cm 6 (90 MHz) 1.28 a n d  1.30 ( 6 H, b o th  t ,  J  7 .1  Hz,
H —
2 x  CH 3), 2 .82 ( 2H, d ,  J  5 .2  Hz, 3 -H 2) ,  3.76 (1H, b r  s ,  O H ), 4 .13
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a n d  4 .29 (4H , b o th  q ,  J  7 .0  H z, 2 x  C H 2) ,  a n d  4 .53  p . p . m .  ( 1H, t ,  J
5 .0  Hz, 2 -H ); 6 c (25 MHz) 14.2 (C H 3) , 39.0  ( C - 3 ) ,  61 .0  a n d  61.8 
(C H 2) ,  67.6  ( C - 2 ) ,  170.8 ( C - 4 ) ,  a n d  173.6 p . p . m .  ( C - l ) ;  m/z, 190 
(M+) (0 .2% ), 145, 117, 89, 71, a n d  43 (100%) (F o u n d :  M + , 190.0875;
C , 50.27; H, 7 .2 9 .  C 4 H 1 4 C>5 r e q u i r e s  M, 190.0858; C , 50.52; H,
7.42%).
( ± ) -D ie th y lf lu o ro su c c in a te  (192) „ -  D ie th y lam in o su lp h u r
t r i f lu o r id e  (4 .0  ml, 4 .8 8 g ,  30.3 mmol) was a d d e d  via  s y r in g e  to d ry
d ich lo ro m eth an e  (100 ml) a t  -75°C  with s t i r r i n g  u n d e r  N^. Racemic
d ie thy lm ala te  (191) ( 4 .5 g ,  23.7  mmol) in  d ich lo rom ethane  (40  ml) was
a d d e d  d ro p w ise  o v e r  40 min. v ia  a s y r in g e ,  a n d  th e  re a c t io n  te m p e ra tu r e
134allowed to  warm from -75°C  u p  to  0°C o v e r  14h. T he  re a c t io n  w as
q u e n c h e d  w ith  ic e -c o ld  w a te r  (100 ml) a n d  e th y l  a c e ta te  (350 ml) a n d
th e  so lu tion  w as s t i r r e d  v ig o ro u s ly  fo r  4h. T he  aq u e o u s  la y e r  was
s e p a r a t e d  a n d  e x t r a c t e d  w ith e th y l  a c e ta te  (100 m l). T he  com bined
o rg a n ic  l a y e r s  w ere  w a s h e d  w ith  w a te r  ( 1 0 0  ml) , d r ie d  o v e r  a n h y d ro u s
sodium  s u lp h a te ,  a n d  f i l t e r e d .  T he  so lv e n t  was rem oved  in vacuo  to
leave  a l ig h t  b ro w n  oil, w hich was d is t i l le d  ( b . p .  1 0 0 °C /1 .1  mm Hg)
174( l i t .  b . p .  7 2 °C /1 .0  mm Hg) to  f u r n i s h  (± ) -d ie th y l f lu o ro s u c c in a te  
(192) a s  a co lo u rle ss  l iq u id  (4 .4 4 g ,  23.1 mmol, 97.4%); vmax (CHCJl^) 
3024, 2987, 1737, 1185, a n d  1100 cm "1; 6 n (90 MHz) 1.27 a n d  1.31 
( 6 H, b o th  t ,  J  7 .0  H z, 2 x  CH 3) , 2 .82 (2H, d d ,  J  23.3 a n d  5.9 Hz,
3 -H 2) ,  4.16 a n d  4 .22  (4H, b o th  q ,  J  7 .0  H z, 2 x  CH 2) , a n d  5.15 p . p . m .  
(1H , d t ,  J  47.6  a n d  5 .9  H z, 2 -H ); 6 c (25 MHz) 13.7  (C H 3) ,  36.9 
( C - 3 ) ,  60.9 a n d  61 .5  (C H 2) ,  85 .1  ( C - 2 ) ,  164.6 (C -4) a n d  168.7 p . p . m 0
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( C - l ) ;  m /z  191 (M+- l )  (1%), 173 (100%), 145, 128, 127, a n d  117 
(F o u n d : M+- l ,  191.0827, C 4 H 1 2 C>4F r e q u i r e s  M - l ,  191.0819)
(F o u n d :  C , 49.97; H, 6 .92; F ,  9 .99 , C 4 H 4 2 0 4F r e q u i r e s  C , 50.00;
H, 6 .82; F ,  9.84%).
( ± ) -2 -F lu o ro b u ta n e ~ l ,4 -d io l  (193)
R u n  1: Lithium  aluminium h y d r id e  (450 mg, 11.8 mmol) was a d d e d  to
d r y  d ie th y l  e t h e r  (20 ml) a t  -20°C  u n d e r  a a tm o s p h e re .  Racemic 
d ie th y lf lu o ro su c c in a te  (192) (500 mg, 2.6 mmol) was d is so lv e d  in d ie th y l  
e th e r  (5  ml) a n d  a d d e d  d ro p w ise  v ia  s y r in g e  o v e r  5 min to th e  re a c t io n  
m ix tu re .  T h e  t e m p e ra tu r e  of th e  so lu tion  was allowed to warm up  to 
room te m p e r a tu r e  (20°C) o v e r  12h, a n d  th e  r e a c t io n  q u e n c h e d  b y  th e  
ad d i t io n  of s a tu r a t e d  a q u e o u s  sodium s u lp h a te  (1 ml) . T he  so lu tion  was 
f i l t e r e d ,  e th y l  a c e ta te  (50 ml) a n d  m ethanol (50 ml) w ere a d d e d ,  a n d  
th e  m ix tu re  was f i l t e r e d  a g a in .  T he  f i l t r a te  was c o n c e n t r a te d  u n d e r  
r e d u c e d  p r e s s u r e  to  le a v e  an am ber  oil, which was d is t i l le d  ( b . p .  0.55 
mm H g/200°C ) to  le av e  ( ± ) - 2 - f lu o r o b u t a n e - l ,4 - d io l  (193) a s  a c lear  
l iq u id  (220 m g, 2.1  mmol, 79.1%); v ( th in  film) 3360, 2940, 2878,ITlclX •
1296, 1160, a n d  1075 cm” 1; 6 n (90 MHz, D _0) 2 .08 (2H , m, 3 - H J ,
H Ci ^
3.69  ( 4H , m, 1- a n d  4 -H 2) , a n d  4 .52  (1H, dm , J  48.2  Hz, 2 -H );  6 c 
(25 MHz, D 2 0 )  34.1 ( C - 3 ) ,  64 .0  ( C - 4 ) ,  66 .2  ( C - l ) ,  a n d  68.9 p . p . m .
( C - 2 ) ;  m /z  108 (M+) (0 .1% ), 89, 63, a n d  45 (100%) (F o u n d :  M+,
108.0565; C , 44 .56; H , 8 .24 ; F ,  17.82. C^H-O^F r e q u i r e s  M,
108.0586; C , 44 .44; H, 8 .39; F ,  17.57%).
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R u n  2: Racemic d ie th y lf lu o ro s u c c in a te  ( 192) (500 mg, 2.6 mmol) in  d r y  
to lu en e  (5 ml) was a d d e d  to r a p id ly  s t i r r e d  to lu en e  (5 ml) a t  -30°C 
u n d e r  a a tm o s p h e re ,  DIBAL (1.5M , 20 ml) in  to lu en e  was d ro p p e d  
in to  th e  re a c t io n  m ix tu re  o v e r  10  min, a n d  th e  s t i r r e d  so lu tion  was 
allowed to  warm u p  to  20°C ( r , t . )  o v e r  14h„ E th y l  a c e ta te  (10 ml) a n d  
ac e to n e  ( 2 0  ml) w ere  a d d e d ,  a n d  th e  re a c t io n  m ix tu re  was th e n  p o u re d  
on to  a s l u r r y  of ce l i te  535 (20g) in  ace to n e  (25 m l). T h is  s lu r r y  w as 
s t i r r e d  v ig o ro u s ly  u n t i l  i t  fo rm ed  a gel,  w h ich  was b ro k e n  b y  th e  
ad d i t io n  of m ethanol (35 ml) a n d  w a te r  (35 m l). T h ro u g h o u t  th e  
ad d i t io n ,  th e  so lu tion  was s t i r r e d  a n d  a g as  was g iven  off. When th e  
gas  evo lu tion  w as com plete , th e  s l u r r y  was f i l t e r e d  a n d  th e  so lid  w as 
w a sh e d  with m ethano l (4 x  50 m l). T h e  com bined f i l t r a te s  w ere 
c o n c e n t r a te d  in  vacuo  to leav e  an  am ber  oil, w hich  was d is t i l led  ( b . p .  
180°C /0 .46  mm Hg) to leav e  ( ± ) - 2 - f lu o r o b u ta n e - l ,4 - d io l  (193) a s  a c lear  
l iq u id  (240 m g, 2 .2  mmol, 85.1%) w hich  w as a n a ly se d  as  d e s c r ib e d  
p re v io u s ly .
(± ) - 2 -F lu o ro p u t r e s c in e  (1 8 9 ) . -  Racemic 2 - f l u o r o b u t a n e - l , 4-
diol ( 193) (0 .9 0 g ,  8 .3  mmol) was ta k e n  u p  in d r y  THF (10 ml) u n d e r
an  i n e r t  a rg o n  a tm o s p h e re ,  a n d  to th is  was a d d e d  a so lu tion  of
h y d ra z o ic  ac id  (1.05M , 21 ml) in  b e n z e n e  o v e r  5 min w ith  cooling (0°C) 
171a n d  s t i r r i n g .  D ie th y la z o d ic a rb o x y la te  (DEAD) (4 .4 4 g ,  21.9 mmol)
in  d r y  THF (10 ml) was a d d e d  c a u t io u s ly ,  a n d  th e  m ix tu re  was s t i r r e d  
172fo r  30 min. T r ip h e n y lp h o s p h in e  ( 1 1 . 54g , • 4 4 .0  mmol) in d r y  THF
(50 ml) was a d d e d  d ro p w ise  a t  s u c h  a r a t e  t h a t  th e  re a c t io n  te m p e ra tu r e
d id  n o t  e x c e e d  40°C, a n d  th e  r e a c t io n  m ix tu re  was th e n  s t i r r e d  a t  50°C 
170fo r  3h. A f te r  cooling to room te m p e r a tu r e ,  w a te r  (2 ml) was a d d e d
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a n d  th e  so lu tion  w as h e a te d  a t  50°C fo r  a f u r t h e r  3h. T h e  so lv e n ts
w ere  rem o v ed  in v a c u o , a n d  th e  r e s id u e  was p a r t i t io n e d  b e tw ee n
h y d ro c h lo r ic  ac id  so lu tion  ( 1M , 80 ml) a n d  d ich lo rom ethane  (80 m l) .
A f te r  s e p a ra t io n ,  th e  acidic l a y e r  was w a s h e d  with a f u r t h e r  volume
(80 ml) of d ic h lo ro m e th an e ,  a n d  th e  la y e r s  w e re  ag a in  s e p a r a t e d .  T h e
a q u e o u s  p h a s e  was th e n  e v a p o ra te d  to d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e
to  f u r n i s h  a w hite  solid . T he  t i t le  com pound (189) was c ry s ta l l i s e d
from ace to n e :  95% aq u e o u s  e thano l (1 :1 )  (0 .8 4 g ,  4 .7  mmol, 56.2%), m .p .
> 225°C ( d e c . ) ;  v (K B r)  3080, 3020, 1472, 1451, a n d  1205 cm "1;max •
6 (90 MHz, D 20 )  1.65 (2H, m, 3 -H 2) , 3.63 (4H, m, 1- a n d  4 -H 2) ,
a n d  4 .44  p . p . m .  (1H, dm, J  50.0  Hz, 2 -H ); 6 ^ (25 MHz, D - 0  w ith
C u -
1 ,4 -d io x a n  as  s t a n d a r d  a t  69 .1  p . p . m . )  32 .5  ( C - 3 ) ,  44 .4  ( C - 4 ) ,  44.9
( C - l ) ,  a n d  60 .5  ( C -2 ) ;  6 ^ (188 MHz, D 9 0 )  -  188.2 p . p . m .  ( r e la t iv e
F u
to  CFC&3 , 6 f  = 0 p . p . m . ) ;  m /z 107 (MH+) (0 .1% ), 8 8 , 73, 45, 38, a n d  
36 (100%) (F o u n d :  MH + , 107.0967. C ^ ^ F  r e q u i r e s  MH, 107.0984)
(F o u n d :  C , 26.98; H, 7.60; F ,  10.14. C ^ H ^ ^ F C J ^  reclu ir e s  C>
26.83; H, 7 .32; F ,  10.61%).
7 . 3 . 6 .2  S y n th e s is  of 'en an t io m eric '  2 - f lu o ro p u t re sc in e s
169R - (  +)-D ie th y lm ala te  (1 9 4 ) . -  T h e  t i t le  com pound was p r e p a r e d
in  th e  m a n n e r  of th e  racem ate  (191 ) ,  a n d  d is t i l le d  ( b . p .  140°C /0 .44  mm
20Hg) as  a c lea r  oil (1 .4 1 g ,  7 .40 mmol, 99.2%); + 5 .75°  (c 14.0 ,
C H C £9);  v ( th in  film) 3490, 2980, 2940, a n d  1738 cm” 1; (90
d m a x . H
MHz) 1.29 a n d  1.30 ( 6 H, b o th  t ,  J  7 .1  H z, 2 x  CH3) , 2 .80 (2H, d ,  J
5 .1  Hz, 3 -H 2) ,  3 .75  (1H , b r  s ,  O H ), 4 .20 a n d  4 .34  (4H, b o th  q , J
7 .1  H z, 2 x  CH 9) ,  a n d  4 .50 p . p . m .  (1H , t ,  J  5 .1  H z, 2 -H ); 6 (25U C
179
MHz) 14.3 (C H 3) ,  39.0  ( C - 3 ) ,  61 .0  a n d  61.8 (C H 2) ,  67.3  ( C - 2 ) ,  170.8 
(C -4 )  a n d  173.5 p . p . m .  ( C - l ) ;  m /z 190 (M+) (0.1%), 145, 117 (100%), 
89 a n d  71 (F o u n d :  M+, 190.0841; C , 50.44; H, 7 .49 . c s H i ^ ° 5
r e q u i r e s  M, 190.0858; C , 50. 52; H, 7.42%).
S ~ (- ) -D ie thy lm ala te  (1 9 6 ) . -  T he  ti t le  com pound w as s y n t h e ­
s is e d  as  d e s c r ib e d  p re v io u s ly  a n d  d is t i l le d  ( b . p .  128°C /0 .36  mm Hg) as  
a c lea r  oil ( 1 .4 2 g ,  7 .41  mmol, 99.3%); [ a ] 2 0  -  5 .90°  (c  14 .0 ,  C H C ^g).
All o th e r  a n a ly tic a l  da ta  were as ab o v e .
( - ) -D ie th y l f lu o ro s u c c in a te  (1 9 5 ) . -  R_-( +) -D ie thy lm ala te  (194)
(1 .4 1 g ,  7.40 mmol) was c o n v e r t e d  in to  th e  d ie th y l f lu o ro s u c c in a te  (195) 
134b y  t r e a tm e n t  w ith  DAST a s  d e s c r ib e d  e a r l i e r ,  to  f u r n i s h  th e  t i t le  
com pound (195) as  a c lea r  oil (0 .9 0 g ,  4 .69 mmol, 63.2%) ( b . p .  120°C/ 
0 .95  mm H g ) ;  [ a ] 2 2  -  4 .0 °  (c 4 .5 ,  C H C J IJ ;  v (C H C & J  3025,D O ITlclX# o
2990, 1770, 1746, 1280, 1181, a n d  1100 cm "1; L  (90 MHz) 1.28 a n d
H
1.33 ( 6 H, b o th  t ,  J  7 .4  H z, 2 x  C H g ) , 2.95 (2H, d d ,  J  24.0  a n d  6 .1  
H z, 3 -H ^ ) ,  4 .19  a n d  4.28 (4H , b o th  q ,  J  7 .0  Hz, 2 x  CH 2) , a n d  5.35 
p . p . m .  (1H, d t ,  J  47 .2  a n d  5 .5  H z, 2 -H ); 5 c (25 MHz) 14.0 (CHg) ,
37 .1  ( C - 3 ) ,  60.9 a n d  61.3  (C H 2) , 85.1 ( C - 2 ) ,  164.6 ( C - 4 ) ,  a n d  168.6 
p . p . m .  ( C - l ) ;  m /z 191 (M+- l )  (0.8% ), 173, 145, 128, 127, a n d  117 
(100%) (F o u n d :  M+- l ,  191.0806. C ^ ^ F  r e q u i r e s  M - l ,  191.0819)
(F o u n d :  C , 50.25; H, 6 .75; F ,  10.01. C 4 H ^ 0 4F r e q u i r e s  C , 50.00;
H, 6 .82 ; F ,  9.84%).
( + ) -D ie th y lf lu o ro su c c in a te  (1 9 7 ) . -  T h e  t i t le  com pound  (197)
w as p r e p a r e d  from ^ S - ( - ) -d ie th y l  m alate (196) a n d  d is t i l le d  ( b . p .  105°C/
0.90 mm Hg) as  a c lea r  oil (0 .9 1 g ,  4 .74  mmol, 63.4%); + 3 .9 °
(c 9 .1 ,  CHCJlg). T he  o th e r  da ta  w ere  id e n t ica l  to  th o se  fo r  th e  
p r e v io u s  com pound  (195) .
( - ) -D ie th y l f lu o ro s u c c in a te  (195) (100 mg, 0,52 mmol) was 
d is s o lv e d  in  CDC£g (1 ml) a n d  R - (  +)-p h e n y le th y la m in e  (198) ( 126 mg,
1.04 mmol) was a d d e d .  T h e  90 MHz ^H n . m . r .  s p e c t ru m  was p a r t ia l ly
a n a ly s e d  as  follows; 6 2.49 a n d  2.76 (2H, d ,  J  24.3 H z, 3-H.-,), 3.61
H — u
a n d  4 ,51  p . p . m .  (1H , d t ,  J  80 .5  a n d  6 .0  H z, 2-H) (F ig u re  10b).
(+ ) -D ie th y lf lu o ro su c c in a te  (197) (100 mg, 0 .52 mmol) was 
d is so lv e d  in C D C &3 (1 ml) a n d  R - ( +)-p h e n y le th y la m in e  (198) (126 m g,
1 .04  mmol) was a d d e d .  T he  90 MHz ^H n . m . r .  s p e c t ru m  was p a r t ia l ly  
a n a ly s e d  as  follows; 5 2.36 a n d  2.74 ( 2H, d ,  J  34 .2  Hz, 3-H~) , 3.56
H — U
a n d  4 .42  p . p . m .  (1H, d t ,  J  77.4  a n d  6 .0  Hz, 2-H) (F ig u re  10c).
When racem ic d ie th y lf lu o ro s u c c in a te  ( 192) (100 mg, 0.52 mmol) 
was d is so lv e d  in  C D C &3 (1 ml) a n d  R - ( +)-p h e n y le th y la m in e  (198) (126 
mg, 1.04 mmol), th e  90 ^H n . m . r .  sp e c tru m  was almost a d i r e c t  add it io n  
of th e  s p e c t r a  a r i s in g  from th e  above  two e x p e r im e n ts  ( F ig u re  10a);
6 2 .40 a n d  2.73 (2H, dm, 3 -H 9) , 3.56 a n d  4 .49  p . p . m .  (1H, dm, 2 -H ) .
H u
T h e  ^H n . m . r .  s p e c t r a ,  a n d  in p a r t i c u la r  th e  in t e g r a t i o n s  of th e  s ig n a ls  
d u e  to  3 -H 2 , s u g g e s te d  th a t  th e  enan tiom eric  e x c e ss  ( e „ e . )  of (195) a n d  
(197) is  g r e a t e r  th a n  95% in b o th  c a s e s .
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(■ Q -2 -F lu o ro b u ta n e - l ,  4-diol (199) . -  T h e  t i t le  com pound was 
p r e p a r e d  in th e  same w ay (R u n  2) as  was racem ic 2 - f lu o r o b u ta n e - 1 ,4- 
diol (1 9 3 ) ,  a n d  d is t i l le d  ( b . p .  0 .35 mm H g/135°C ) as  a c lea r  oil ( 0 o38g, 
3 .52  mmol, 75.1%); [ a ] 3 3  + 4 .3 °  (c  1 .2 ,M eO H ).
( - ) - 2 - F l u o r o b u ta n e ~ l ,  4-diol ( 2 0 0 ) . -  T he  diol was fu r n i s h e d  
as  p r e v io u s ly ,  b y  th e  u se  of DIBAL, as  a c lea r  oil (0 .4 0 g ,  3 .70 mmol) 
( b . p .  0 .40 mm H g /1 5 0 °C ) ;  [ a ] 3 3  -  3 .0 °  (c  1 .0 ,M eO H ). B o th  th i s
com pound  (200) a n d  th e  p re v io u s  diol (199) g av e  similar d a ta  to th o s e  of 
th e  racem ic 2 - f lu o r o b u ta n e - 1 ,4 - diol (193).
( + ) -2 -F lu o ro p u t re s c in e  (2 0 1 ) . -  C o n v e rs io n  of ( + ) - 2 - f lu o ro 7 
b u t a n e - 1 , 4-diol (199) in to  th e  d iam ine ( 2 0 1 ) p ro c e e d e d  as  fo r  th e  racem ic 
com pound (1 9 3 ) ,  a n d  p ro v id e d  an  o ff -w h i te  so lid  (201) (1 .1 3 g ,  6 .30 mmol, 
80.1%); [ a ] 3 3  + 4 .5 °  (c 1 .8 ,  H 2 0 ) .
( - ) - 2 -F lu o ro p u t r e s c in e  (2 0 2 ) . -  T h e  t i t le  com pound was
s y n th e s i s e d  from ( - ) - 2 - f lu o r o b u ta n e - 1 , 4-diol ( 2 0 0 ) b y  th e  u s e  of th e
d e s c r ib e d  m e thod , a s  an  o ff -w h ite  so lid  ( 2 0 2 ) ( 1 .06g ,  5.92 mmol, 79.9%); 
23[ a ] D -  4 .9 °  (c 2 .2 ,  l ^ O ) . B o th  th e  d iam ines w ere o b ta in e d  a n d  
a n a ly se d  as th e i r  d ih y d ro c h lo r id e  s a l t s .
( t )  -F lu o ro su c c in ic  a c i d . -  Racemic d ie th y l  2 - f lu o ro su c c in a te  
174(192) was h y d r o ly s e d  with a q u e o u s  s u lp h u r ic  ac id  (2M, 10 m l) ,  to
174f u r n i s h  ( ± ) - f lu o ro s u c c in ic  a c id ,  m .p .  142-144°C ( e th y l  a c e ta te )  ( l i t .
144-145°C ); v (K B r)  3000, 1738, a n d  1230 cm "1; <5 (90 MHz, d , -m cix • H o
DMSO) 2 .84 ( 2H, d d d ,  J  26 .1 , 17 .2 , a n d  4 .9  H z, 3 -H 2) , 5 .20  (1H , d d ,
J  47 .2  a n d  5 .0  Hz, 2 -H ) ,  a n d  12.05 p . p . m .  (2H , b r  s ,  2 x  C 0 2 H ) ;
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m/z 136 (M+) (0 .1% ), 118, 117, 98, 91, 89, 71, 54, a n d  44 (100%)
(F o u n d :  M + , 136.0147. C^H^O^F r e q u i r e s  M, 136,0172).
When ( - ) - d ie th y l f lu o r o s u c c in a te  (195) a n d  ( + ) -d ie th y l f lu o ro -
174s u c c in a te  (197) w ere  h y d r o ly s e d  a s  in th e  l i t e r a t u r e  m e thod , b o th  th e  
sam ples  of f lu o ro su cc in ic  ac id ,  (128) a n d  (2 0 3 ) ,  cou ld  n o t  b e  o b ta in e d  
c r y s t a l l i n e .
T h e  c . d .  s p e c t r a  of (128) a n d  (203) w e re  r u n  b y  D r .  A lex . F .
D ra k e ,  U n iv e r s i ty  of L ondon , T he  com pounds w ere  d is so lv ed  in m ethano l
a n d  c h e c k e d  o v e r  th e  185-300 nm r a n g e .  T he  m asking  of th e  e x p e c te d  
132p e a k s  [ l i t .  (+ ) - f lu o ro su c c in ic  a c id ,  (c 0 .15 , M eO H ), p o s i t iv e  C o tton
20 °e f fe c t ,  m ax. a t  232.5 nm , ($ )  = + 1114°] was a s c r ib e d  to  th e  im p u r i t ie s
p r e s e n t  in  th e  sam ples .
7 . 3 . 6 ,3 F eed in g  of 2 -F lu o ro p u t re s c in e s
C ynog lossum  officinale  a n d  Emilia flammea w ere  g row n  from 
s e e d s  on open  g r o u n d ,  a n d  Senecio  p le is to c e p h a lu s  was p ro p a g a te d  from 
stem  c u t t in g s  a n d  g row n  in  a g re e n h o u s e .  All 2 - f lu o ro p u t re sc in e s  w ere  
fe d  as  s te r i le  a q u e o u s  so lu tions  ( 1  ml) b y  th e  wick m e th o d ,  o v e r  two 
s u c c e s s iv e  d a y s .  T h e  p la n ts  w ere  allowed to  grow  fo r  one w eek  from 
th e  la s t  day  of f e e d in g ,  p r io r  to  h a r v e s t i n g ,  m ethanolic  e x t ra c t io n  a n d  
iso la tion  of th e  a lk a lo id s .  All b a s e s  w ere  fe d  as  t h e i r  d ih y d ro c h lo r id e  
s a l t s .
A sam ple of (+ ) -2 - f lu o r o p u t r e s c in e  (201) d ih y d ro c h lo r id e  
(100 mg) was fe d  to  one C . offic inale  p la n t .  T h e  same am ount of (201) 
was fe d  to one E . flammea a n d  S . p le is to c e p h a lu s  p la n t .  T h e  same 
q u a n t i ty  of ( - ) - 2 - f lu o r o p u t r e s c in e  ( 2 0 2 ) d ih y d ro c h lo r id e  was fe d  to
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one each  of th e  th r e e  p la n t  s p e c ie s .
19T he  188 MHz F n . m . r .  s p e c t r a  of th e  a lkalo id  sam ples 
iso la te d  w ere  r u n  in  C R C Z ^ I C F C  a n d  only  one small s ig n a l  a t  ca.
186.7 p . p . m .  was o b s e r v e d .
7 .4  E x p er im en ta l  to  C h a p te r  Six
7 .4 .1  G enera l
T h e  a lka lo ids  w ere  e x t r a c te d  b y  th e  p r o c e d u r e  followed fo r
th e  iso la tion  of ( + ) -e c h in a t in e  (62) from C ynog lossum  offic inale  (Sec tion
7 . 2 .1 ) .  T h e  h . p . l . c .  s o lv e n t  sy s tem  u s e d  was d ie th y l  e th e r :  [5%
18 2(2.5% co n c .  ammonia in  w a te r)  in  m e th a n o l] ,  in a m e a su re d  ra t io  
( x : y ) .  T h e  e lu t in g  s o lv e n ts  w ere  d e g a s s e d  w ith helium fo r  5 min b e fo re  
u s e .  T he  colum ns w ere  f lu s h e d  with th e  p a r t i c u la r  s o lv e n t  sy s tem  u s e d  
in  th e  e x p e r im e n t  p r io r  to load ing  of th e  colum n, a n d  th e  in je c t in g  
n e e d le s  w ere  f lu s h e d  p r io r  to u s e .
T h e  so lv e n ts  w ere  p u m p e d  th r o u g h  b y  a P e rk in  Elmer S e r ie s  
400, a n d  th e  sam ples  w ere  in je c te d  b y  a P e rk in  Elmer ISS 100 u s in g  a 
150 loop fo r  an a ly t ic a l  h . p . l . c .  a n d  a 2 ml loop fo r  p r e p a r a t iv e  
h . p . l . c .  D e tec tion  was b y  u s in g  a P e rk in  Elmer LC 90 s e t  a t  a w ave­
le n g th  of 2 2 0  nm , a n d  th e  f r a c t io n s  w ere  co llec ted  in  t e s t  tu b e s  b y  h a n d .  
T he  column u s e d  fo r  an a ly tica l  h . p . l . c .  was a P e rk in  Elmer 3 x 3  silica 
column a n d  th e  column u s e d  in p r e p a r a t iv e  h . p . l . c .  was a K n a u e r  Li- 
C h roso l  Si 60 ( le n g th  250 mm, ID 16 mm, p a c k in g  7 | im ) .
1 8 4
7 .4 .2  A naly tica l  h . p . l . c .
An a l iq u o t  (100 mg) of th e  a lka lo id  m ix tu re  is o la te d  from 
C ynog lossum  officinale  was ta k e n  up  in  th e  h . p . l . c .  s o lv e n t  sy s tem  
(75:25) ( 0 .1  m l) ,  a n d  was th e n  f i l te r e d  th r o u g h  a p a d  of g la ss  f i l te r  
p a p e r .  A small sample (1 u&) was in je c te d  onto  th e  a n a ly tic a l  column 
a n d  th e n  e lu tion  was c a r r i e d  o u t  w ith  th e  so lv e n t  sy s tem  (7 5 :2 5 ) .  T he  
h . p . l . c .  t r a c e  ( F ig u re  11) w as r e c o r d e d  o v e r  a p e r io d  of 10 min, w ith  
th e  s o lv e n t  p u m p ed  th r o u g h  th e  column a t  a r a t e  of 1 ml min  ^ . T he  
r e te n t io n  times ( R T , min) a n d  p e r c e n ta g e  com position of th e  m ix tu re ,  
w ere  a s  follows: 3.78 (92.9%), 5 0 78 (3.6% ), a n d  8.02 (3.5% ). T h e  R t
(3 .7 8 )  a lkalo id  was ( + ) -e c h in a t in e  (6 2 ) ,  th e  R ^  (5 .78 )  com pound  was 
th e  m inor a lka lo id ,  a n d  R ^  ( 8 . 0 2 ) was due  to  th e  p r e s e n c e  of a small 
q u a n t i ty  of ( + ) -h e l io t r id in e  ( 3 ) ,  as  seen  b y  t . l . c .  of th e  f r a c t io n s ,
B y th e  same p ro c e d u r e  a s  a b o v e ,  a p o r t io n  (100 mg) of th e  
e x t r a c t  from C ynog lossum  a u s t r a le  was d is so lv e d  in th e  h . p . l . c .  so lv e n t  
sy s tem  ( 75:25) (1 .0  m l) ,  a n d  f i l t e r e d .  An in jec tio n  (10 p.£) onto  th e  
an a ly t ic a l  column was followed b y  e lu tion  w ith  th e  s o lv e n t  sy s tem  
(7 5 :2 5 ) .  T h e  h . p . l . c .  t r a c e  (F ig u re  12) was r e c o r d e d  o v e r  a p e r io d  
of 10 min, w ith  a p um ping  r a t e  of 1 ml min T h e  R t v a lu e s  (min) 
w ere  a s  follows: 7.71 (71.4%) a n d  4 .21  (28.6% ). T h e  alkalo id  e lu te d
f i r s t  was (+ ) - c y n a u s t i n e  (173 ) ,  followed b y  (+ )- c y n a u s t r a l in e  (172) as  
c h e c k e d  b y  t . l . c .  of th e  f r a c t io n s .
C ynog lossum  n e rv o su m  (280g) was g row n b y  th e  Botanical 
G a rd e n s ,  E d in b u r g h ,  a n d  was e x t r a c t e d  to  y ie ld  a m ix tu re  (250 mg,
0.09%) of p y r ro l iz id in e  a lk a lo id s .  T . l . c .  of th e  m ix tu re ,  show ed  two 
s p o ts  (R^ 0 .30 a n d  0.26) u p o n  s ta in in g  with o -ch lo ra n i l  a n d  E h r l ich 's
r e a g e n t .  Column c h ro m a to g ra p h y  u p o n  b as ic  alum ina w ith  a v a r ie ty  
of so lv e n t  sy s te m s  ( d ich lo rom ethane  a n d / o r  chloroform  w ith m ethanol; 
d ie th y l  e t h e r ,  to lu en e  a n d  m ethanol) cou ld  n o t  s e p a r a te  th is  m ix tu re .
T h e  m ix tu re  (200 mg) w as d is s o lv e d  in  th e  h . p . l . c .  so lv e n t  sy s tem  
(7 5 :2 5 ) ,  f i l t e r e d  a n d  an  a l iquo t (1 nil) w as in je c te d  onto  th e  ana ly tica l  
h . p . l . c .  colum n. T he  column w as e lu te d  b y  p um ping  th e  so lv en t  
sy s tem  ( 75:25) t h r o u g h  a t  a r a t e  of 1 ml min  ^ a n d  th e  h . p . l . c .  t r a c e  
( F ig u re  13) was r e c o r d e d  o v e r  a p e r io d  of 10 min. T h re e  p e a k s  due  to 
a lkalo ids  w e re  c lea r ly  v is ib le ;  R t : 3 .98  ( 58.3%), 5.03 (15.2%), a n d
6.36  min (26.5%). T he  alkalo id  m ix tu re  was s e p a r a t e d  b y  p r e p a r a t iv e  
h . p . l . c .  (S ec tion  7 .4 .3 ) .
Senecio  g la b e r r im u s  was g row n in S o u th  A fr ic a , a n d  th e r e  
e x t r a c t e d  (b y  D r .  D . J .  R o b in s ) .  T h e  c r u d e  e x t r a c t  w as p a r t i t io n e d  
b e tw ee n  ch loroform  (5 ml) a n d  s a t u r a t e d  a q u e o u s  sodium b ic a rb o n a te  
(5 m l). T h e  la y e r s  w e re  s e p a r a t e d ,  an d  th e  a q u e o u s  p h a s e  w a sh e d  
w ith  ch lo roform  ( 3 x 5  m l). T h e  com bined  o rg an ic  la y e r s  w ere  d r ie d  
o v e r  a n h y d r o u s  m agnesium  s u lp h a te ,  f i l t e r e d  a n d  e v a p o ra te d  to d r y n e s s  
u n d e r  r e d u c e d  p r e s s u r e  to p ro v id e  a m ix tu re  (300 mg) of p y r ro l iz id in e  
a lka lo ids  a s  an  oil. Column c h ro m a to g ra p h y  on b as ic  alum ina cou ld  n o t  
e f f e c t  s e p a ra t io n .  T . l . c .  of th e  m ix tu re  gave  r i s e  to  t h r e e  a lkaloid  
s ta in s  w ith  R^ 0 .34 , 0 .38 , a n d  0 .56 . T h e  app l ica t ion  of a sample (20 
mg) d is so lv e d  in th e  s o lv e n t  sy stem  (75:25) (50 \ x l )  to  th e  an a ly tica l  
h . p . l . c .  colum n, g av e  r i s e  to  th e  h . p . l . c .  t r a c e  in  F ig u re  14a w hen th e  
p um ping  r a t e  w as 1 ml min  ^ f o r  10 min. I f  th e  p e a k s  due  to th e  
p r e s e n c e  of so lv e n ts  a r e  d e d u c te d  from th i s  an a ly t ic a l  h . p . l . c .  t r a c e ,  
th e n  fo u r  p e a k s  d u e  to  a lka lo ids  a re  e v id e n t ;  R t  : 1 .57 , 2 .21 ,  2 .63 ,
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a n d  2 .92 min. In  o r d e r  to a t te m p t  a b e t t e r  s e p a ra t io n ,  th e  p o la r i ty  of 
th e  so lv e n t  sy stem  was r e d u c e d .  A cco rd in g ly  a sample (20 mg) of th e  
m ix tu re  was d is so lv e d  in th e  s o lv e n t  sy s tem  (90:10) a n d  a p p l ie d  onto  th e  
an a ly t ic a l  h . p . l . c .  colum n. T h e  e lu tion  w ith  th e  s o lv e n t  sy stem  (90:10) 
w as  c a r r i e d  o u t  a t  th e  r a t e  of 1 ml min  ^ fo r  2 0  min, a n d  th e  sp e c tru m  
( F ig u re  14b) was r e c o r d e d .  T h e  new  v a lu e s  w ere  a s  follows: 2 .71,
4 .34 ,  5 .47 , a n d  6 .84  min.
7 .4„3 P r e p a r a t iv e  h . p . l . c .
T he  alkalo id  m ix tu re  (180 mg) iso la ted  from C ynoglossum  
n e rv o su m  (S ec tion  7 .4 .2 )  was d is so lv e d  in th e  h . p . l . c .  so lv e n t  sy s tem  
( 75:25) ( 1.0  m l). A p o r t io n  (0 .3 4  ml) was a p p l ie d  onto  th e  K n a u e r  
L iC hroso l Si60 column a n d  e lu te d  w ith th e  so lv e n t  sy stem  ( 75:25) a t  a 
r a t e  of 5 ml min  ^ fo r  20 min. T h e  h . p . l . c .  t r a c e  was r e c o r d e d  a n d
th e  f r a c t io n s  co llec ted  e v e ry  30s. T he  h . p . l . c .  t r a c e  r e v e a le d  only  a
p a r t i a l  s e p a ra t io n  as  th e  p e a k s  w ere  o v e r la p p in g .  T . l . c .  of th e  f ra c t io n s  
confirm ed  th i s .  T he  r e l e v a n t  f r a c t io n s  w ere  com bined , a d d e d  to th e  
o r ig in a l  m ix tu re  a n d  e v a p o ra te d  to  d r y n e s s .
T h is  a lkalo id  m ix tu re  (170 mg) was d is so lv e d  in  th e  h . p . l . c .
s o lv e n t  sy stem  ( 9 0 : 1 0 ) ( 1 . 0  m l), a n d  a small sample ( 1  |i£) was in je c te d
on to  th e  a n a ly tic a l  h . p . l . c .  colum n. E lu tion  w as c a r r i e d  o u t  w ith th e  
so lv e n t  sy s tem  (90 :10) flowing a t  1 ml min  ^ fo r  20 min, a n d  th e  t r a c e  
was r e c o r d e d .  A good s e p a ra t io n  was aga in  a c h ie v e d .  A l a r g e r  
volum e (0 .4  ml) of th e  m ix tu re  was a p p l ie d  onto  th e  p r e p a r a t iv e  h . p . l . c .  
colum n, a n d  e lu te d  w ith  th e  so lv en t  sy s tem  (90:10) a t  5 ml min  ^ fo r  
30 min, w ith  f r a c t io n s  co llec ted  e v e r  30s. T h e  t r a c e  was r e c o r d e d
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( F ig u re  15), a n d  r e v e a le d  th e  e f f ic ien t  s e p a ra t io n  of th e  t h r e e  a lka lo id s .
: 13 ,28, 16.68, a n d  19.51 min. T . l . c .  of th e  f r a c t io n s  confirm ed
th i s  s e p a ra t io n ,  a n d  th e  p u r e  a lka lo ids  w ere  iso la ted  a n d  c h a ra c te r i z e d  
b y  com bining th e  r e le v a n t  f r a c t io n s  a n d  e v a p o ra t in g  to d r y n e s s  in v acuo .  
T he  f i r s t  a lkalo id  e lu te d  (25 m g ) ,  R t : 3.98 (75:25) a n d
13.28 min (9 0 :1 0 ) ,  was id e n tica l  in  all c h a ra c te r iz a t io n  d a ta  to an 
a u th e n t ic  sample of (+ ) - e c h in a t in e  (6 2 ) .
T he  s eco n d  alkalo id  iso la ted  (14 m g ) ,  R ^ : 5.03 (75:25) a n d
16.68 min (9 0 :1 0 ) ,  a n a ly s e d  fo r  ( - ) -h e l io t r in e  (3 3 ) ,  m .p .  124-125°C
(a c e to n e )  ( l i t . 1 9 5  m .p .  125-126°C); [ a ] ^  “ 4 .1 °  (c  14, CHC&3)
198 20
( l i t .  [a ]*  -  3 .7 5 ° ,  E tO H ); v max (CHCJl3) 3200, 2980, 2840, 1726,
1265, a n d  1100 cm "1; 5 (200 MHz) 1.20 a n d  1.24 ( 6H, b o th  d ,  J  6 .9
H  —
H z, 16- a n d  17-H3) ,  1.29 (3H, d ,  J  6 .5  H z, 14-H3) , 2.19 (2H, m, 6 - H 2) , 
2.21 (1H , d q ,  J  6 .9  Hz, 15 -H ),  2.68 (1H, m, 5 - H ) , 3 .23 (3H, s ,  18-H3) ,
3.28 (1H , m, 5 -H ) ,  3.38 (1H , d d ,  J  3 .0  an d  1.6 Hz, 3 - H ) , 3.89 (1H, d d ,  
J  3 .0  a n d  1 .5  H z, 3 -H ) ,  3.98 (1H , q ,  J  6 .5  Hz, 13-H) , 4 .10  (2H, b r  s ,
2 x  O H ), 4 .19  (1H , m, 8 -H ) , 4 .31  (1H, m, 7 - H ) , 4.72 a n d  5.08 (2H,
A B q, J  14.1 H z, 9 - H - ) , a n d  5.93 p . p . m .  (1H, b r  s ,  2 -H ); 6 (50 MHz)
^  c
13.1 ( C -1 4 ) ,  16.4 a n d  16.9 (C -16  a n d  - 1 7 ) ,  33.0 (C -1 5 ) ,  33.9 ( C - 6 ) ,
54.2 ( C - 5 ) , 57.1 (C -1 8 ) ,  62 .0  a n d  62 .8  (C -3  a n d  - 9 ) ,  75.6 ( C - 7 ) ,  78.5 
( C - 8 ) , 80 .0  ( C -1 3 ) ,  82 .5  ( C -1 2 ) ,  127.3 ( C - 2 ) ,  136.3 ( C - l ) ,  a n d  176.0 
p . p . m .  ( O i l ) ;  m /z 313 (M+) (1%), 254, 211, 181, 139, 138, 119, 111, 
a n d  94 (100%) (F o u n d :  M + , 313.1874. C 1 6 H 2 ?N 0 5 r e q u i r e s  M, 313.1889).
T h e  f ina l com pound (7 mg) R t : 6 .36 (75:25) a n d  19.51 min 
(9 0 :1 0 ) ,  a n a ly s e d  fo r  (+ ) - r in d e r i n e  (213 ) ,  m .p .  98-99°C (ace to n e)
( l i t . 1 9 5  100-101°C); [ a ] ^ °  + 22 .9°  (c 7, C H C ^ )  ( l i t . 1 9 5  + 2 4 .6 ° ,  E tO H );
v (CHC&.,) 3400, 2976, 1725, a n d  1230 cm 1; 6 o (200 MHz) 0.99m a x . j  H
a n d  1.05 ( 6 H , b o th  d ,  J  6 .9  H z, 16- a n d  17-H3) , 1.24 (3H , d ,  J  6 . 6  
Hz, 14-H3) ,  1.99 ( 2H, m, 6 - H 2) , 2 .25 (1H, d q ,  J  6 . 8  Hz, 1 5 -H ) , 2,60 
(1H , m, 5 -H ) ,  3 .23 (1H, m, 5 -H ) ,  3 ,38 (1H , d d ,  J  2 .9  a n d  1 .4  Hz,
3 -H ) ,  3 .81  (1H , b r  s ,  O H ),  3 .83 (1H, d d ,  J  2 .9  a n d  1.5 Hz, 3 -H ) ,
3.90 ( 2H, b r  s ,  2 x  O H ), 3 .95 (1H, m, 8- H ) , 4.00 (1H , q ,  J  6 . 6  Hz, 
13-H ), 4 .14  (1H, m, 7 -H ) ,  4 .70 a n d  4 .89 (2H , A B q, J  13.7 Hz, 9 -H 2) ,  
a n d  5.53 p . p . m .  (1H , b r  s ,  2 -H ); (50 MHz) 17.0 a n d  17.2 (C-16
a n d  - 1 7 ) ,  17.9 (C-14) , 33.0 (C -1 5 ) ,  34 .1  ( C - 6 ) , 54.3 ( .C -5 ) , 61 .9  a n d
62 .2  (C -3  a n d  - 9 ) ,  69.5 (C -1 3 ) ,  74.9 ( C - 7 ) ,  80 .1  ( C - 8 ) ,  83 .4  (C -1 2 ) ,  
126.8 ( C - 2 ) , 133.9 ( C - l ) ,  a n d  177.2 p . p . m .  ( C - l l ) ;  m /z 299 (M+) (2%), 
157, 156, 139, 138, 137, 120, a n d  119 (100%) (F o u n d :  M+, 299.1719.
G 15H 25N 0 5 re<lu i r e s  299.1733).
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